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ABSTRACT 
 
In today’s era of advanced manufacturing technology world requires unique 
and exact methodology for drilling a deep and small hole.  There can be many 
solutions to this, each having their own advantage and disadvantage.  One of 
them is spark erosion technology. 
EDM drilling performance depends on a number of factors including Input 
current, on-off time, Drill Diameter, Drill Depth, Dielectric and Flushing 
Pressure, Workpiece Material and Electrode material. In this research work 
four factors are taken as input factors viz. current, pulse on time, diameter and 
depth. Taguchi’s methodology of design of experiment is used to optimise the 
parameters for outputs of technological and dimensional characteristics. L16 
orthogonal array is used for four factors four levels of input parameters. 
Technological outputs studied are material removal rate, surface roughness 
and electrode wear ratio. Dimensional characteristic outputs studied are 
deflection, circularity, cylindricity and hole taper. Also increase in hardness is 
studied. The experimentations are carried out for three important work 
materials viz. H11, Brass and EN31. The hollow electrode used is of Brass 
material. 
Through Taguchi’s analysis optimum levels of input parameters are found out 
for all above outputs. Also ranks of input parameters are defined in sequence 
in order of its affect on respective output for particular material. This data can 
be used by industries to increase the EDM drilling process capabilities. 
Analysis of Variance (ANOVA) of the data revealed the significance and 
percentage contribution of the four factors on respective output for particular 
material. The comparison is also made for all factors effect on all materials. 
Parametric analysis for each output is also carried out. 
First order empirical models are developed through the regression analysis 
and simple logarithmic transformation for MRR, SR, EWR and I.H. The 
proposed empirical models are validated to conclude as well fit for predictions 
of machining output such as metal removal rate, surface roughness and 
electrode wear ratio with low prediction error. It is concluded that optimisation 
of outputs cannot be achieved simultaneously with a particular combination of 
control parameters settings. 
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CHAPTER 1 
INTRODUCTION 
 
1.1 TECHNOLOGICAL DEVELOPMENT 
As we are in the era of fastest growing technological development and 
advancement in manufacturing technology we need quick and better results.  
Non conventional machining processes enable us to get consistency and 
accuracy in our desired manufacturing techniques. 
In the field of engineering, development of such techniques has lead to 
revolution in the field of manufacturing.  Tasks which are assumed to be 
impossible in past can be done within fraction of seconds.  Machining of many 
metals which needed too much time and used to be too laborious are now 
simplified and easied. 
1.2 NON-TRADITIONAL MACHINING 
However development of newer methods has always been the endeavour of 
engineering personnel and scientists. The main ideas behind such 
endeavours have generally been the economic considerations, replacements 
of existing manufacturing methods by more efficient and quicker ones, 
achievement of higher accuracies and quality of surface finish, adaptability of 
cheaper materials in place of costlier ones and developing methods of 
machining such materials which cannot be easily machined through the 
conventional methods etc.  Of all this reasons, the last one has contributed 
considerably to the post-war developments in machining methods, particularly 
because of the use of a large number of ‘hard to machine’ materials in the 
modern industry.  A few of such materials are tungsten, hardened and 
stainless steel, inconel, uranium, beryllium and some high strength steel 
alloys.  The increasing utility of such materials in the modern industry has 
forced research engineers to develop newer machining methods, so as to 
have full advantage of these costly materials. 
The use of such costly and hard-to-machine material is quite common in 
aircraft industry, research equipment, nuclear plants, missile technology, 
sophisticated equipments, manufacturing industries etc.  To meet the needs 
of such industries, whereas on one hand newer materials have been 
developed at the same time a number of newer machining methods have 
been evolved for machining of these materials.  These machining methods 
are known as Unconventional or Non-traditional Machining Methods. 
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However there are some common parameters to be taken into consideration 
for selecting a particular process like: 
• Physical properties of the work material, 
• Type of operation required,  
• Shape and size required to be produced,  
• Process capabilities & process economy. 
In non-conventional machining methods, there is no direct contact between 
the tool and the workpiece; hence the tool needs not be harder than the job. 
Further, in spite of the recent technical advancements, the conventional 
machining processes are inadequate to produce complex geometrical shapes 
in the hard and temperature resistant alloys and die steels. Keeping these 
requirements into mind, a number of non-conventional methods have been 
developed. These new technological processes can be classified into various 
groups as given below:  
1.2.1 Mechanical Processes  
In mechanical processes, metal removal takes place either by the mechanism 
of simple shear or by erosion mechanism where high velocity particles are 
used as transfer media and pneumatic/hydraulic pressure acts as a source of 
energy. It includes ultrasonic machining (USM), water jet machining (WJM), 
abrasive jet machining (AJM), etc. 
1.2.2 Thermal Processes  
Thermal processes involve the application of very thin intense local heat. Here 
melting or vaporization from the small areas at the surface of the workpiece 
removes material. The source of energy used is amplified light, ionized 
material and high voltage. Examples are laser beam machining (LBM), ion 
beam machining (IBM), plasma arc machining (PAM), and electric discharge 
machining (EDM). 
1.2.3 Electro-chemical Processes  
Electro-chemical processes involve removal of metal by the mechanism of ion 
displacement. High current is required as the source of energy, and 
electrolyte acts as transfer media. It includes electro-chemical machining 
(ECM), electro-chemical grinding (ECG), etc.  
1.2.4 Chemical Processes  
Chemical processes involve the application of resistant material (acidic or 
alkaline in nature) to certain portion of the work surface. The desired amount 
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of material is removed from the remaining area of the workpiece by the 
subsequent application of an etching that converts the workpiece material into 
a dissolvable metallic salt. It includes chemical machining (CHM) and 
photochemical machining (PCM). 
Table 1.1 Classifications of Advanced Machining Processes [1] 
Type of 
energy 
Mechanism 
of metal 
removal 
Transfer 
media Energy source Processes 
Mechanical Erosion High velocity 
particles 
Pneumatic/hydr
aulic pressure 
AJM, USM, 
WJM 
Shear Physical 
contact 
Cutting tool Conventional 
machining 
Electroche
mical 
Ion 
displacement 
Electrolyte High current ECM, ECG 
Chemical Ablation 
relation 
Reactive 
environment 
Corrosive agent CHM 
Thermoele
ctric 
Fusion Hot gases 
electrons 
Ionised material 
high voltage 
IBM, PAM, 
EDM 
Vaporisation Radiation Amplified Light LBM 
Ions stream Ionised material PAM 
 
AJM Abrasive jet machining IBM Ion beam machining 
CHM Chemical machining LBM Laser beam machining 
ECG Electrochemical grinding PAM Plasma machining 
ECM Electro chemical machining USM Ultrasonic machining 
EDM  Electric discharge machining WJM Water jet machining 
Non-traditional machining methods are also classified based on media for 
energy transfer like high velocity particles, physical contact, reactive 
atmosphere, electrolyte, hot gases, electrons, radiation etc., mechanism of 
metal removal like erosion, shear, chemical ablation, ionic dissolution, 
vaporisation, spark erosion etc. & source of energy like pneumatic pressure, 
hydraulic pressure, corrosive agent, high current, high voltage, ionised gas 
etc.  Classification of advance machining processes is shown in Table 1.1. 
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Some of the advance machining processes, amongst which the notable ones 
are EDM and ECM, have found fairly widespread applications in industry [1-
3].  Industry saw improved finishes at very high spindle speeds and because 
of this new heights of MRR were observed till twentieth century. Till then the 
scientist were busy at the laboratories to develop newer machining methods.  
Basic machining parameters to improve the amount of energy utilized for 
machining were developed. Limitations of the various processes were studied 
for improving the efficiency of the processes. Other area of development was 
the tool used to remove the material; the iron based tools were changed to air, 
abrasives, laser, electricity etc. The Electro discharge machining (EDM) used 
electricity as a source of energy and conductive materials as tool. Work piece 
and the tool were used as cathode and anode. [4-5]. 
1.3 BASICS OF ELECTRICAL DISCHARGE MACHINING 
Electric discharge machining is a thermo-electric non-traditional machining 
process. Material is removed from the workpiece through localized melting 
and vaporization of material. Electric sparks are generated between two 
electrodes when the electrodes are held at a small distance from each other 
in a dielectric medium and a high potential difference is applied across them. 
Localized regions of high temperatures are formed due to the sparks 
occurring between the two electrode surfaces. Workpiece material in this 
localized zone melts and vaporizes. Most of the molten and vaporized 
material is carried away from the inter-electrode gap by the dielectric flow in 
the form of debris particles.  
To prevent excessive heating, electric power is supplied in the form of short 
pulses. Spark occurs wherever the gap between the tool and the workpiece 
surface is smallest. After material is removed due to a spark, this gap 
increases and the location of the next spark shifts to a different point on the 
workpiece surface. In this way several sparks occur at various locations over 
the entire surface of the workpiece corresponding to the workpiece-tool gap. 
Because of the material removal due to sparks, after some time a uniform gap 
distance is formed throughout the gap between the tool and the workpiece. 
Thus, a replica of the tool surface shape is formed on the workpiece as shown 
in Figure 1.1. If the tool is held stationary, machining would stop at this stage. 
However if the tool is fed continuously towards the workpiece then the 
process is repeated and more material is removed. The tool is fed until the 
required depth of cut is achieved. Finally, a cavity corresponding to replica of 
the tool shape is formed on the workpiece. 
5 
 
Fig. 1.1 Tool shape and corresponding cavity formed on workpiece after 
EDM operation 
The schematic of an EDM machine tool is shown in Figure 1.2. The tool and 
the workpiece form the two conductive electrodes in the electric circuit. Pulsed 
power is supplied to the electrodes from a separate power supply unit. The 
appropriate feed motion of the tool towards the workpiece is generally 
provided for maintaining a constant gap distance between the tool and the 
workpiece during machining. 
This is performed by either a servo motor control or stepper motor control of 
the tool holder. As material gets removed from the workpiece, the tool is 
moved downward towards the workpiece to maintain a constant inter-
electrode gap. The tool and the workpiece are plunged in a dielectric tank and 
flushing arrangements are made for the proper flow of dielectric in the inter-
electrode gap. 
Hole making has long been recognized as one of the most important 
machining processes.  Approximately 30% of production time is spent in 
making holes [6].  Because untouched machining characteristic EDM has 
superiority to small hole machining, any conductive material with any 
hardness can be machined by EDM. 
Blind hole, deep hole, inclined hole and profiled hole can be machined.  In 
addition, because surface machined by EDM has a series of discharge caves 
and there is no spiral trace obtained by ordinary drilling processing, flow field 
distribution of liquid or gas flowing through small holes can be improved 
greatly.  So, EDM can be used as an effective means for small hole 
machining in some special applications [7]. 
1.4 BASICS OF EDM DRILLING 
1.4.1 Introduction 
Small hole EDM (electric  discharge  machining)  drilling, also known  as fast  
hole EDM drilling, hole popper, and start hole EDM drilling, was once relegated 
TOOL
WORK PIECE
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Fig. 1.2 Schematic of an Electric Discharge Machining (EDM) machine 
tool 
to a  last resort  method of drilling holes. Now small hole EDM drilling is used for 
production work. Holes can be drilled in any electrical conductive material, 
whether hard or soft, including carbide. 
EDM drilling is well established in the field of manufacturing metal pieces with 
complicated geometries.  It has vast applications like putting holes in turbine 
blades, fuel injectors, cutting tool for coolant, hardened punch ejector.  It is 
also used to remove broken tools in small holes, making plastic mold vent 
holes, wire EDM starter holes, mini machines/robots and air vent holes for 
forging dies.  The same can be utilised for dovetail finger pin removal, cross 
key pin removal, balance hole drilling, removal of steam strainer rivets etc. 
The term small hole EDM drilling is used because conventional ram EDM can 
also be used for drilling. However, ram EDM hole drilling is much slower than 
machines specifically designed for EDM drilling. 
Small hole EDM drilling uses the same principles as ram EDM.  A  spark  jumps  
across  a  gap  and  erodes  the  workpiece  material. A servo drive maintains a 
gap between the electrode and the workpiece. If the electrode touches the 
workpiece, a short occurs. In such situations, the servo drive retracts the 
electrode. At that point the servo motor retraces its path and resumes the EDM 
process. But here the electrode is given rotation and through the electrode 
pressurised dielectric is passed. 
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1.4.2 Dielectric and Flushing Pressure 
The dielectric fluid flushes the minute spherical chips eroded from the workpiece 
and the electrode. The dielectric fluid also provides an insulating medium 
between the  electrode and the workpiece  so that  sufficient energy  can be 
built. When  the dielectric cannot resist the applied energy, a spark jumps from 
the electrode to the workpiece and causes the spark to erode the workpiece and 
the electrode. The servo mechanism provides the proper gap for spark erosion 
to continue. 
Fig. 1.3 Small Hole EDM Drilling 
Deionized water is preferred dialectic, but some  manufacturers recommend an 
additive to  aid in cutting. To accomplish  small hole  the dielectric should be 
clean. Some use the dielectric only once; others  reuse  it.  When  the  dielectric  
is  reused,  it  should  be  filtered  carefully  to remove eroded particles. 
1.4.3 The Electrode 
A round hollow electrode is constantly rotated as the dielectric fluid is pumped 
through the electrode.  The  rotating  electrode  helps  in  producing  
concentricity, causing  even  wear,  and  helps  in  the  flushing  process.    
Process is as shown in fig. 1.3 and 1.4.  Since the eroded particles are 
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conductive, removing them  from the hole is important  to  prevent  shorting  
between  the  electrode  and  the  workpiece,  and  to prevent EDMing the sides 
of the hole. 
The high flushing pressure through the centre of the electrode tends to stiffen it. 
Also, the dielectric being forced out of the hole produces a centring effect upon 
the electrode. With the aid of the electrode guide and the flushing effects on the 
electrode, EDM drilling can penetrate much deeper than almost any other 
drilling method. 
 
Fig. 1.4 Rotating Electrode Eroding the Workpiece 
The high flushing pressure through the centre of the electrode tends to stiffen it. 
Also, the dielectric being forced out of the hole produces a centring effect upon 
the electrode. With the aid of the electrode guide and the flushing effects on the 
electrode, EDM drilling can penetrate much deeper than almost any other 
drilling method. The high flushing pressure helps keep the workpiece and 
electrode cool. This helps to keep the heat-affected zone, or depth of recast 
level, at a manageable level. The pressure also aids in producing a reasonably 
good finish. Regular ram EDM s, with weaker flushing pressures are unable to 
duplicate the results of small hole EDM machining. Hollow electrodes allow 
dielectric fluid to flow through the electrode centre. However, larger electrodes 
with a single hole can create problems. As  the  electrode  erodes the  
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workpiece,  the  centre  of  the  electrode does  not  remove material,  thereby  
leaving  a  spike. The spike can cause the machine to short. A short causes the 
machine to retract, which lengthens the cutting time. To overcome this problem, 
electrodes with multiple channels were developed to eliminate centre slugs, as 
shown in Figure 1.5. 
Figure 1.5 Various Tubular Electrodes and Their Results 
1.4.4 Electrode Guides 
The electrode guide keeps the electrode on location and prevents drifting while 
the rotating electrode is cutting. The electrode guide prevents electrode 
wobbling and aids in minimizing the EDM overcut, per side. The guides are 
above the workpiece, this allows the high pressure dielectric to escape from the 
hole. 
1.4.5 Servo Motors 
The servo motors are controlled by a microprocessor which measures the gap 
voltage. By monitoring the gap voltage, the servo motor maintains the proper 
gap for spark erosion. If the gap voltage is too high, as in a short or 
accumulation of debris, the microprocessor signals the servo motor to retract the 
electrode. When the gap voltage is reduced, the servo motor advances the 
electrode and resumes cutting. Due to the high-pressure removal of the EDM 
chips, the servo motor needs no constant retract cycle as in conventional ram 
EDM. The constant forward motion allows for rapid EDMing of holes. 
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1.4.6 Advantages of EDM Drilling 
1.4.6.1 Drilling on Curved and Angled Surfaces 
When  holes  must  be  drilled on  curved  or  angled surfaces,  great  difficulties  
arise with conventional  drilling.  Drills tend to walk off such surfaces. To prevent 
drills from  walking,  fixtures  and  guide  bushings  are  used  on  these  irregular  
surfaces to  guide  conventional  drills.  But  in  EDM  drilling,  the  electrode  
never  contacts  the material  being cut. This non-contact machining process 
eliminates the tool pressure when drilling on curved or angled surfaces; 
however, water pressure coming from the electrode can cause slight deviation 
on curved surfaces. In starting, use lower water pressure to prevent water 
pressure movement of the electrode.  
1.4.6.2 Drilling Hardened Materials 
Some materials are too hard to drill using conventional methods, i.e., hardened 
tool steel, difficult alloys, and carbide. But material hardness does not affect the 
EDM process.  However, some materials, like carbide, cut slower, not because 
of hardness, but because of conductivity properties of carbide. 
1.4.6.3 Materials That Produce Chips that Cling to Cutters 
Materials  such  as  soft  aluminum  and  copper  can  produce  chips  that  cling  
to cutters. EDM drilling easily machines such materials. 
1.4.6.4 Drilling Deep Holes 
Drilling deep small holes with conventional drilling is often extremely difficult, and 
many times  impossible. Small EDM hole drilling is often the only practical 
method for producing such holes. 
1.4.6.5 No Hole Deburring 
Deburring of holes from conventional drilling can take longer than drilling the 
holes. As in conventional EDMing, small hole EDM drilling creates no burrs 
when drilling. This burr-free drilling  is  especially  important  when difficult holes, 
such as turbine blades, require deburring. 
1.4.6.6 Preventing Broken Drills 
As  conventional  drills  enter  or  exit  curved  or  angled  surfaces,  they  tend to  
break  if  not  carefully  controlled.  Small  broken  drills  are  also  often 
extremely difficult  to remove  from  the  workpiece. To  prevent breaking  drills in  
conventional  drilling,  controlling  torque  conditions  are  critical.  However, in  
EDM  drilling  the  torque  conditions  do not  exist  since  the  electrode  never 
contacts the workpiece. 
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1.4.6.7 Creating Straight Holes 
Due to the non-contact process of EDM, the deep hole EDM drilling produces 
straight holes. In contrast, conventional deep hole drills tend to drift. 
1.5 DESIGN OF EXPERIMENTS 
1.5.1 Introduction 
In a highly competitive world of testing and evaluation, an efficient method for 
testing many factors is needed. Design of experiments is a series of tests in 
which purposeful changes are made to the input variables of a system or 
process and the effects on response variables are measured. Design of 
experiments is applicable to both physical processes and computer simulation 
models. Experimental design is an effective tool for maximizing the amount of 
information gained from a study while minimizing the amount of data to be 
collected. Factorial experimental designs investigate the effects of many 
different factors by varying them simultaneously instead of changing only one 
factor at a time. Factorial designs allow estimation of the sensitivity to each 
factor and also to the combined effect of two or more factors.  
Design of experiments, also called experimental design, is a structured and 
organized way of conducting and analyzing controlled tests to evaluate the 
factors that are affecting a response variable. The design of experiments 
specifies the particular setting levels of the combinations of factors at which 
the individual runs in the experiment are to be conducted. This multivariable 
testing method varies the factors simultaneously. Because the factors are 
varied independently of each other, a causal predictive model can be 
determined. Data obtained from observational studies or other data not 
collected in accordance with a design of experiments approach can only 
establish correlation, not causality. There are also problems with the 
traditional experimental method of changing one factor at a time, i.e., its 
inefficiency and its inability to determine effects that are caused by several 
factors acting in combination. 
1.5.2 Brief History 
Design of experiments was invented by Ronald A. Fisher in the 1920s and 
1930s at Rothamsted Experimental Station, an agricultural research station 
25 miles north of London. In Fisher’s first book on design of experiments[8] he 
showed how valid conclusions couldbe drawn efficiently from experiments 
with natural fluctuations such as temperature, soil conditions, and rain fall, 
that is, in the presence of nuisance variables. The known nuisance variables 
usually cause systematic biases in groups of results (e.g., batch-to-batch 
variation). The unknown nuisance variables usually cause random variability 
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in the results and are called inherent variability or noise. Although the 
experimental design method was first used in an agricultural context, the 
method has been applied successfully in the military and in industry since the 
1940s. Besse Day, working at the U.S. Naval Experimentation Laboratory, 
used experimental design to solve problems such as finding the cause of bad 
welds at a naval shipyard during World War II. George Box, employed by 
Imperial Chemical Industries before coming to the United States, is a leading 
developer of experimental design procedures for optimizing chemical 
processes. W. Edwards Deming [9] taught statistical methods, including 
experimental design, to Japanese scientists and engineers in the early 1950s 
at a time when “Made in Japan” meant poor quality. Genichi Taguchi, the 
most well known of this group of Japanese scientists, is famous for his quality 
improvement methods. One of the companies where Taguchi first applied his 
methods was Toyota. Since the late 1970s, U.S. industry has become 
interested again in quality improvement initiatives, now known as “Total 
Quality” and “Six Sigma” programs. Design of experiments is considered an 
advanced method in the Six Sigma programs, which were pioneered at 
Motorola and GE. 
1.5.3 Fundamental Principles 
The fundamental principles in design of experiments are solutions to the 
problems in experimentation posed by the two types of nuisance factors and 
serve to improve the efficiency of experiments. Those fundamental principles 
are 
• Randomization 
• Replication 
• Blocking 
• Orthogonality 
• Factorial experimentation 
Randomization is a method that protects against an unknown bias distorting 
the results of the experiment.  
Replication increases the sample size and is a method for increasing the 
precision of the experiment. Replication increases the signal-to-noise ratio 
when the noise originates from uncontrollable nuisance variables. A replicate 
is a complete repetition of the same experimental conditions, beginning with 
the initial setup. A special design called a Split Plot can be used if some of the 
factors are hard to vary.  
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Blocking is a method for increasing precision by removing the effect of known 
nuisance factors. An example of a known nuisance factor is batch-to-batch 
variability. In a blocked design, both the baseline and new procedures are 
applied to samples of material from one batch, then to samples from another 
batch, and so on. The difference between the new and baseline procedures is 
not influenced by the batch-to-batch differences. Blocking is a restriction of 
complete randomization, since both procedures are always applied to each 
batch. Blocking increases precision since the batch-to-batch variability is 
removed from the “experimental error.” 
Orthogonality in an experiment results in the factor effects being uncorrelated 
and therefore more easily interpreted. The factors in an orthogonal 
experiment design are varied independently of each other. The main results of 
data collected using this design can often be summarized by taking 
differences of averages and can be shown graphically by using simple plots of 
suitably chosen sets of averages. In these days of powerful computers and 
software, orthogonality is no longer a necessity, but it is still a desirable 
property because of the ease of explaining results.  
Factorial experimentation is a method in which the effects due to each factor 
and to combinations of factors are estimated. Factorial designs are 
geometrically constructed and vary all the factors simultaneously and 
orthogonally. Factorial designs collect data at the vertices of a cube in p-
dimensions (p is the number of factors being studied). If data are collected 
from all of the vertices, the design is a full factorial, requiring 2p runs. Since 
the total number of combinations increases exponentially with the number of 
factors studied, fractions of the full factorial design can be constructed. As the 
number of factors increases, the fractions become smaller and smaller (1/2, 
1/4, 1/8, 1/16, …).  
If there are only three factors in the experiment, the geometry of the 
experimental design for a full factorial experiment requires eight runs, and a 
one-half fractional factorial experiment (an inscribed tetrahedron) requires four 
runs (Fig. 1.6). Factorial designs, including fractional factorials, have 
increased precision over other types of designs because they have built-in 
internal replication. Factor effects are essentially the difference between the 
averages of all runs at the two levels for a factor, such as “high” and “low.” 
Product robustness, pioneered by Taguchi, uses experimental design to study 
the response surfaces associated with both the product means and variances 
to choose appropriate factor settings so that variance and bias are both small 
simultaneously. Designing a robust product means learning how to make the 
response variable insensitive to uncontrollable manufacturing process 
variability or to the use conditions of the product by the customer. 
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Replicates of the same points are not needed in a factorial design, which 
seems like a violation of the replication principle in design of experiments. 
However, half of all the data points are taken at the high level and the other 
half are taken at the low level of each factor, resulting in a very large number 
of replicates. 
Replication is also provided by the factors included in the design that turn out 
to have non-significant effects. Because each factor is varied with respect to 
all of the factors, information on all factors is collected by each run. In fact, 
every data point is used in the analysis many times as well as in the 
estimation of every effect and interaction. Additional efficiency of the two-level 
factorial design comes from the fact that it spans the factor space, that is, puts 
half of the design points at each end of the range, which is the most powerful 
way of determining whether a factor has a significant effect.  
Fig. 1.6 Full factorial and one-half factorial in three dimensions. 
1.5.4 Main Uses 
The main uses of design of experiments are  
• Discovering interactions among factors 
• Screening many factors 
• Establishing and maintaining quality control 
• Optimizing a process, including evolutionary operations 
• Designing robust products 
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Product robustness, pioneered by Taguchi, uses experimental design to study 
the response surfaces associated with both the product means and variances 
to choose appropriate factor settings so that variance and bias are both small 
simultaneously. Designing a robust product means learning how to make the 
response variable insensitive to uncontrollable manufacturing process 
variability or to the use conditions of the product by the customer. 
1.6 TAGUCHI’S EXPERIMENTAL DESIGN AND ANALYSIS 
1.6.1 Introduction 
Since 1960, Taguchi methods have been used for improving the quality of 
Japanese products with great success. During the 1980’s, many companies 
finally realized that the old methods for ensuring quality were not competitive 
with the Japanese methods. The old methods for quality assurance relied 
heavily upon inspecting products as they rolled off the production line and 
rejecting those products that did not fall within a certain acceptance range. 
However, Taguchi was quick to point out that no amount of inspection can 
improve a product; quality must be designed into a product from the start. It is 
only recently that companies in the United States and Europe began adopting 
Taguchi’s robust design approaches in an effort to improve product quality 
and design robustness. 
Robust design is an “engineering methodology for improving productivity 
during research and development so that high-quality products can be 
produced quickly and at “low cost” [10]. The idea behind robust design is to 
improve the quality of a product by minimizing the effects of variation without 
eliminating the causes (since they are too difficult or too expensive to control). 
His method is an off-line quality control method that is instituted at both the 
product and process design stage to improve product manufacturability and 
reliability by making products insensitive to environmental conditions and 
component variations. The end result is a robust design, a design that has 
minimum sensitivity to variations in uncontrollable factors. 
Dr. Genichi Taguchi bases his method on conventional statistical tools 
together with some guidelines for laying out design experiments and 
analyzing the results of these experiments. Taguchi's approach to quality 
control applies to the entire process of developing and manufacturing a 
product— from the initial concept, through design and engineering, to 
manufacturing and production. Taguchi methods are used to specify 
dimension and feature detail and normally follow DFM activities. 
1.6.2 Taguchi’s Quality Loss Function 
To measure quality, Taguchi defines a Quality Loss Function. The quality loss 
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function is a continuous function that is defined in terms of the deviation of a 
design parameter from an ideal or target value. Taguchi’s view on the nature 
of the quality loss function represents a fundamental paradigm shift in the way 
in which manufacturers consider whether or not a product is good. The 
traditional approach employed by manufacturers has been to use a “step 
function” that ensures that performance fell within the upper and lower 
specification limits. Taguchi’s loss function can be expressed in terms of the 
quadratic relationship: 
L = k (y - m) 2        (1.1) 
Where y is the critical performance parameter value, L is the loss associated 
with a particular parameter y, m is the nominal value of the parameter 
specification, k is a constant that depends on the cost at the specification 
limits. This function penalizes the deviation of a parameter from the 
specification value that contributes to deteriorating the performance of the 
product, resulting in a loss to the customer. The key here is that a product 
engineer has a good understanding of what the nominal size of the 
specification is. The usual lower and upper limits for the tolerance of a given 
design parameter are changed to a continuous function that presents any 
parameter value other than the nominal as a loss. The loss function given in 
Eqn. 1 is referred to as “nominal is best,” but there are also expressions for 
cases when higher or lower values of parameters are better [10]. 
To minimize loss, the traditional approach is to monitor the process variables 
during production and adjust the process to reduce manufacturing 
imperfections so that response parameters fall within the specified tolerances. 
This method adds cost to the manufacturing process does not improve the 
quality of the product. Using Taguchi’s approach the average response has to 
be adjusted, and the variance must be reduced in order to minimize loss. 
Reducing the variation is accomplished by product and process engineers 
who use off-line quality control techniques; adjustments to the average 
response are realized by process and production engineers during production 
using on-line quality control techniques. Within the Taguchi philosophy both 
quality improvement methods are considered; however, building quality into 
the product during the design stage (i.e., off-line) is the ultimate goal. To 
achieve desirable product quality by design, Taguchi suggests a three-stage 
process: 
• System design,  
• Parameter design,  
• Tolerance design.  
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System design is the conceptualization and synthesis of a product or process 
to be used. The system design stage is where new ideas, concepts and 
knowledge in the areas of science and technology are utilized by the design 
team to determine the right combination of materials, parts, processes and 
design factors that will satisfy functional and economical specifications. To 
achieve an increase in quality at this level requires innovation, and therefore 
improvements are not always made. In parameter design the system 
variables are experimentally analyzed to determine how the product or 
process reacts to uncontrollable “noise” in the system; parameter design is 
the main thrust of Taguchi’s approach. Parameter design is related to finding 
the appropriate design factor levels to make the system less sensitive to 
variations in uncontrollable noise factors, i.e., to make the system robust. In 
this way the product performs better, reducing the loss to the customer. 
The final step in Taguchi’s robust design approach is tolerance design; 
tolerance design occurs when the tolerances for the products or process are 
established to minimize the sum of the manufacturing and lifetime costs of the 
product or process. In the tolerance design stage, tolerances of factors that 
have the largest influence on variation are adjusted only if after the parameter 
design stage, the target values of quality have not yet been achieved. Most 
engineers tend to associate quality with better tolerances, but tightening the 
tolerances increases the cost of the product or process because it requires 
better materials, components, or machinery to achieve the tighter tolerances 
as we discussed in earlier chapters. Taguchi’s parameter design approach 
allows for improving the quality without requiring better materials or parts and 
makes it possible to improve quality and decrease (or at least maintain the 
same) cost.  
1.6.3 Taguchi’s Parameter Design Approach 
In parameter design, there are two types of factors that affect a product’s 
functional characteristic: control factors and noise factors. Control factors are 
those factors which can easily be controlled such as material choice, cycle 
time, or mold temperature in an injection moulding process. Noise factors are 
factors that are difficult or impossible or too expensive to control. There are 
three types of noise factors: outer noise, inner noise, and between product 
noise. Noise factors are primarily response for causing a product’s 
performance to deviate from its target value. Hence, parameter design seeks 
to identify settings of the control factors which make the product insensitive to 
variations in the noise factors, i.e. make the product more robust, without 
actually eliminating the causes of variation. 
 
18 
 
1.6.4 Orthogonal Arrays 
The Taguchi Robust Design method uses a mathematical tool called 
Orthogonal Arrays (OAs) to study a large number of process variables with a 
small number of experiments [11- 12]. OAs are “fractional factorial designs” 
which are symmetrical sub-sets of all combinations of treatments in the 
corresponding full factorial designs (that is, when all levels of all the factors 
are taken into consideration one by one). If experiments are conducted by 
taking one level of each parameter at a time, the number of experiments will 
run into 67 thousands, making it a very time consuming and expensive 
process. Another major disadvantage of one-parameter-at-a-time approach is 
that it fails to consider any possible interaction between the parameters [13]. 
An interaction is the failure of one parameter to produce the same effect on 
the response at different levels of another parameter. As the name 
Orthogonal Array suggests, the columns of the array are mutually orthogonal. 
It means that for any pair of columns, all combinations of factor levels occur 
and it occur an equal number of times. This is called the balancing property 
and it implies orthogonality. The number of rows of an orthogonal array 
represents the number of experiments. The number of columns of an array 
represents the maximum number of factors that can be studied using that 
array. A number of standard OAs are available and one of these can be 
selected for a particular experiment by knowing the following details [14-15]: 
• How many factors are to be studied? 
• How many treatment levels are possible for each factor? 
• What specific 2-factor interactions are to be investigated? 
• Would one encounter any particular difficulty during the runs (for 
example, some factors may not permit frequent treatment changes)? 
There exists a large variety of industrial experiments. Each experiment has a 
different number of factors. Some factors have two levels, some three levels 
and some even more. Taguchi has tabulated 18 basic orthogonal arrays that 
are called standard orthogonal arrays. Depending upon the number of factors 
and their levels, it is generally possible to select one of these for a specific 
requirement. However, the standard orthogonal arrays can also be modified to 
suit complicated designs. 
The first step in selecting the appropriate OA involves the counting of the total 
degrees of freedom (DOF) present in the study. As per Taguchi’s method, the 
total DOF of the selected OA must be greater than or equal to the total DOF 
required for the experiment. Then the levels of various factors to be included 
in the study are finalized. The next task is the assignment of process 
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parameters and interactions of interest to the appropriate columns. The use of 
linear graphs and triangular tables suggested by Taguchi makes the 
assignment of parameters simple. The array forces all experimenters to 
design almost identical experiments. 
The control log for the experiment is then prepared by assigning the levels of 
each parameter to various rows of the OA. Such designed experiments are 
called matrix experiments and individual experiment constituting one row of 
the orthogonal array is called run or treatment. Settings are also referred to as 
levels and parameters as factors [10]. Experiments are performed at random 
by setting the value of each process parameter according to a single row of 
the orthogonal array. Three repetitions of each setting are desirable. The 
results of the experiments are analyzed to achieve one or more of the 
following objectives: 
• To estimate the best or the optimum condition for a product or process.  
• To estimate the contribution of individual parameters and their 
significance for a stated level of confidence. 
• To estimate the response under the optimum condition. 
1.6.5 Analysis of Variance (ANOVA) 
Taguchi suggests two different routes to carry out complete analysis of the 
experimental data.  In the first approach, results of a single run or the average 
of repetitive runs are processed through main effect and ANOVA analysis of 
the raw data. The second approach, which Taguchi strongly recommends, is 
to use Signal-to-Noise (S/N) ratios for the same steps of the analysis [10]. The 
S/N ratio is generally represented by η and is a concurrent quality metric 
linked to the loss function. By maximizing the S/N ratio, the loss associated 
with the process can be minimized. The S/N ratio determines the most robust 
set of operating conditions from variation within the results. It is treated as a 
response parameter (transform of raw data) of the experiment. For this study, 
the second approach has been used for analysis of the data. The primary goal 
of conducting a matrix experiment is to optimize the product or process design 
– that is, to determine the best or the optimum level for each factor. The 
optimum level for a factor is the level that gives the highest value of η in the 
experimental region.  Thus, the optimum level for each factor can be obtained 
but this best setting may not correspond to one of the rows in the matrix 
experiment. In such cases, the value of η realized for the predicted best 
setting is better than the best among the rows of the matrix experiment.  
Taguchi recommends that a confirmation experiment should be conducted at 
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the best setting and its result should be compared with the theoretical value 
predicted by the analysis.  
1.7 RESEARCH SCOPE  
The question can be arisen that why not water jet or laser technology can be 
used for drilling small holes.  Because Water jets are for sheet fabrication, and 
EDMs are for prismatic and small parts.  Although water jet is at least ten 
times faster than EDM, EDM is more accurate.  EDMs having ability to cut 
very thick.  The laser technology removes the material by burning and 
produces heat affected zones.  Problem with water jet and laser technology 
can be resolved by EDM drilling especially for producing small holes. There 
are some disadvantages of the EDM drilling process for eg. Electrode wear 
and reduced speed for large holes. These disadvantages in turn can be 
investigated further for improvement. 
However, current work indicates that there is considerable potential with 
regards to higher geometrical hole control and reductions in erosion time.  
Due to the wear of the electrode the problem is whether the same dimensions 
can be achieved repeatedly using the same process and also difficult to 
control the depth of the holes. 
The motive of the research is to investigate the Material removal rate (MRR) 
pattern, surface finish behaviour, electrode wear percentage of electrodes, 
effects on hole dimensional parameters like circularity, cylindricity, deflection 
etc. for various process parameters on different ferrous and non ferrous 
material. 
The Taguchi experimental design is applied to investigate the optimal 
combinations of process parameters to maximize the material removal rate, 
improving surface finishing and minimize the tool wear ratio. Analysis of 
variance (ANOVA) is performed and signal-to-noise (S/N) ratio will be 
determined to know the level of importance of the machining parameters.  
The analysis like signal to nose ratio, ANOVA, optimisation of parameters for 
output response, regression analysis, empirical model generation to be done 
with the help of the software MINITAB15. 
1.8 ORGANIZATION OF THE THESIS  
The thesis work has been divided into eight chapters. Chapter 1 covers the 
need of nonconventional machining, various non-traditional manufacturing 
processes and basics of the EDM and EDM drilling process. It also includes 
basics of design of experiments (DOE), Taguchi’s methodology along with the 
outline of the study and organization of the thesis. Chapter 2 contains latest 
literature review, recent developments in the EDM mainly in the field of EDM 
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drilling.  This chapter identifies the gap of literature available and objective of 
the work.   In chapter 3 detail theoretical explanation is made for EDM, EDM 
drilling and Taguchi’s methodology.  In chapter 4, material’s properties, 
machine specification, output responses to be measured for selected input 
parameters are included.  This chapter includes plan of experimentation also.  
Chapter 5 discusses the actual experimentation work, how measurements are 
done, calculations for output with result tables. Chapter 6 consists of use of 
Minitab software and actual data analysis for various materials.  Chapter 7 
includes final output responses and degree of contribution of inputs to output. 
This chapter contains original interpretation of the analysis done with 
justification.  Chapter 8 consists conclusion and limitations of present study 
and recommendation for future scope of the work in detail. 
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CHAPTER 2 
LITERATURE RIVIEW 
 
2.1 INTRODUCTION 
The use of Electric Discharge Machining is growing rapidly in tool rooms, die 
shops and even in general shop floors of modern industries to facilitate 
complex machining problems in difficult-to-machine materials and provide 
better surface integrity. Development of wire- EDM and EDM drilling have 
added new dimension to this technology. EDM, in its three variations, that is 
die sinking, wire-EDM and EDM drilling, is now the fourth most popular 
machining process after milling, turning and grinding. The factors that have 
contributed to its popularity are:  
• Absence of any physical contact between the tool and work piece 
• Accurate and distortion-free machining of hardened work pieces 
• Negligible cutting forces 
• Machining of difficult-to-machine materials 
• Generation of complicated internal geometries 
• The process is burr-free 
A variety of research work has been carried out on different aspects of EDM 
such as tool material-workpiece combination, type of dielectric, pulse train, 
flushing techniques and hybridization of EDM with other non-conventional 
techniques such as ultrasonic machining, electro-chemical machining and 
abrasive machining. In addition to this, detailed literature is available on the 
surface properties of heat treated steels after spark machining. Electro-spark 
toughening of cutting tools and steel components has also been explored. 
This chapter presents a comprehensive review of available literature on 
technological aspects of the process, active research areas and future trends 
of its applications. 
2.2 BRIEF HISTORY OF EDM PROCESS 
The origin of EDM dates back to 1770 when English scientist Joseph Priestly 
discovered the erosive effect of electrical discharges. During the 1930s, 
attempts were made for the first time to machine metals and diamonds with 
electrical discharges. Erosion was caused by intermittent arc discharges 
occurring in air between the tool electrode and workpiece connected to a DC 
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power supply. These processes were not very precise due to overheating of 
the machining area and may be defined as “arc machining” rather than “spark 
machining” [16-17]. 
Pioneering work on electrical discharge machining was carried out in 1943 
during World War II by two Russian scientists, B.R. and N.I. Lazarenko at the 
Moscow University [18]. They channelised the destructive effect of an 
electrical discharge and developed a controlled process for machining 
materials that were conductors of electricity. They introduced the RC 
(resistance-capacitance) relaxation circuit in the 1950s, providing the first 
consistent dependable control of pulse times and also a simple servo control 
circuit to automatically find and hold a given gap between the electrode (tool) 
and the workpiece. The RC circuit was widely used in the 1950s and later 
served as the model for successive developments in EDM technology.  
There have been similar claims made at about the same time when three 
American employees came up with the notion of using electrical discharges to 
remove broken taps and drills from hydraulic valves. Their work became the 
basis for the vacuum tube EDM machine and an electronic circuit servo 
system that automatically provided the proper electrode-to workpiece spacing 
(spark gap) for sparking, without the electrode contacting the workpiece [19]. 
However, it was only in the 1980s with the advent of Computer Numerical 
Control (CNC) in EDM that brought about tremendous advancement in 
improving the efficiency of the machining operation. Due to continuous 
process improvement, modern EDM machines have become so stable that 
these can be operated round the clock under monitoring by an adaptive 
control system. This process enables machining of any material, which is 
electrically conductive, irrespective of its hardness, shape or strength [20]. 
The growing merits of EDM have since then been intensely sought by the 
manufacturing sector yielding enormous economic benefits and generating 
keen research interests. 
2.3 WORKING PRINCIPLE OF EDM PROCESS 
Although the technique of material erosion employed in EDM is still arguable 
[21-22], the widely accepted principle is the conversion of electrical energy 
into thermal energy through a series of discrete electrical discharges 
occurring between the electrode and workpiece immersed in a dielectric fluid. 
The insulating effect of the dielectric is important in avoiding electrolysis of the 
electrodes during the EDM process. Spark is initiated at the point of smallest 
inter-electrode gap by a high voltage, overcoming the dielectric breakdown 
strength of the small gap (Fig. 2.1). Erosion of metal from both electrodes 
takes place there. After each discharge, the capacitor is recharged from the 
DC source through a resistor (Fig. 2.2), and spark that follows is transferred to  
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the next narrowest gap. 
Fig. 2.1 Spark initiation in EDM process 
 
Fig. 2.2 The Lazarenko RC [23] 
The cumulative effect of a succession of sparks spread over the entire 
workpiece surface leads to its erosion, or machining to a shape which is 
approximately complementary to that of the tool. 
The dielectric serves to concentrate the discharge energy into a channel of 
very small cross sectional area. It also cools the two electrodes, and flushes 
away the products of machining from the gap. The electrical resistance of the 
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dielectric influences the discharge energy and the time of spark initiation. If 
the resistance is low, an early discharge will occur. If it is large, the capacitor 
will attain a higher value of charge before the discharge spark occurs. As the 
workpiece is spark-eroded, the tool has to be advanced through the dielectric 
towards it. A servo system, which compares the gap voltage with a reference 
value, is employed to ensure that the electrode moves at a proper rate to 
maintain the right spark gap, and to retract the electrode if short-circuiting 
occurs.  
The Lazarenko RC circuit does not give good material removal rate (MRR), 
and higher MRR is possible only by sacrificing surface finish. A major portion 
of the machining time is spent on charging the capacitors (Fig. 2.3). There is a 
very high peak value of current at the instant of spark initiation, followed by a 
rapid rate of decline. The spark temperature resulting from this high current 
peak is much higher than that needed to remove material and results in 
thermal damage to the tool electrode. 
 
Fig. 2.3 Variation of capacitor voltage with time in RC [23] 
It is obvious that reduction in peak current and increase in spark duration 
would result in lower electrode wear and improved machining efficiency. This 
has been achieved with the advent of controlled pulse generator. Its typical 
waveform is shown in Fig. 2.4. In comparison to the RC circuit, there is less 
peak current value, shortened idle period and an increase in pulse duration. 
Spark energy is the product of peak current and on-time. Since these process 
variables can be readily adjusted, machining conditions can be selected for 
particular effects needed. However, the process is more complex than what is 
depicted in Fig. 2.4. When the electrode is separated from the workpiece, the 
potential is the open circuit voltage, usually having a value of about 100 Volts. 
As the dielectric begins to ionize, current starts flowing and the potential drops 
26 
 
Fig. 2.4 Pulse waveform of controlled pulse [23, 71] 
to a level of about 35 V. Plotting voltage and current as a function of time, Fig. 
2.5 gives a more detailed picture, ‘a’ is ionization time, ‘b’ is discharge time, ‘c’ 
is deionization time and ‘d’ is idle time. 
 
Fig. 2.5 Actual profile of a single EDM [23] 
Most of the electrode wear occurs during the ionization time. While the RC 
circuit usually employed negative polarity for the tool electrode, positive 
polarity is preferred with pulse generator power supply [23]. 
Another depiction of the spark energy is shown in Fig. 2.6. Although the spark 
energy available for material removal is proportional to the product of effective 
on-time, current and sparking voltage, these constituent variables do not 
individually contribute to material removal in a straightforward manner [25]. 
Only the time following ionization is effective in removing material. As an 
approximation, it may be stated that crater diameter is proportional to the 
applied current, and the depth is proportional to the on-time. 
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TIME
ON 
TIME 
 
TIME
CURRENT PEAK CURRENT
27 
 
Fig. 2.6 Three-dimensional schematic of the EDM [24] 
2.4 EDM PROCESS PARAMETERS 
Based on current knowledge, the main inconvenience when applying the 
technology involved in die-sinking electrical discharge machining is the 
electrical resistivity knowhow. Machining rate in EDM depends on a large 
number of variables, which vary often and cannot be controlled or quantified. 
The number of factors thought to be significant is formidable but it is quite 
possible that many of these quantities may have very little or no significant 
effect on the process and might possibly be ignored [26]. 
2.4.1 Generators for Use in EDM 
There appears to be a very large difference between various electric 
discharge machining systems especially as regards to their erosion rates, tool 
wear, machining accuracy, cost, and power consumption etc. The 
“Relaxation” of RC circuit employed during the earlier investigations on spark 
machining is still widely used, especially in the range of low energy sparks 
(0.5 μJ on 0.1μs) or when very fine finish is desired. It is cheap, simple and 
robust but has its own limitations such as, low efficiency and oscillating nature 
of discharge. These results in low metal removal rates and high tool wear 
respectively [27]. 
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The charging efficiency of an RC circuit may be improved by adding inductors 
in the circuit (RCL or RCLL circuit). This leads to increased erosion rates 
(Maximum of 300mm3/mm) with low relative tool wear (5%-30%) but this 
probably causes increased damage to the work. Diodes in the discharge 
circuits have been used to minimize the discharge oscillations but they are not 
wholly effective owing, at least in part, to self-capacitance. The rotary 
generators provide long duration pulses as compared to RC circuits [39]. The 
generators are capable of much higher erosion rates and are generally used 
for fast rough cutting only. For fine finishing the R-C generators are still 
preferred. 
In engineering applications, however, the relaxation and rotary machines have 
been largely replaced by the transistorized (controlled pulse) generators. The 
transistorized generators are particularly effective in roughing and medium 
fine finishing and yield much lower tool wear than relaxation or rotary 
machines and can achieve higher cutting rates for a given surface finish. 
Currents ranging from 1A to 100A and pulse times varying between 2μs and 
2000 μs are normally possible on such machines. However, generators with 
600 A to 700 A output current and capable of giving erosion rates of 5500 
mm3/min are also available. These generators allow independent control on 
pulse ‘ON’ and ‘OFF’ times and provide unidirectional rectangular wave 
pulses to the electrodes and normally operate on two different models: (i) 
Fixed Frequency (voltage pulse timing), and (ii) variable frequency (current 
pulse timing). In the former, the effect of increasing ignition delay is to reduce 
the current pulse duration. In the latter it is the current pulse duration, which is 
fixed. The fixed pulse energy is supplied in each cycle, hence metal removal 
per pulse is normally constant, and the effect of increase in ignition delay is 
therefore to reduce the pulse frequency. 
Considering the overall performance pulse generators allow faster MRR, low 
tool wear and better surface quality. Recently, use of bipulse and 
programmable waveform generators, capable of generating pulses other than 
rectangular, have also been reported. Use of trapezoidal pulses has been 
shown to result into high erosion rates and low tool wear [28]. 
Apart from the type of generator used, other important variables controlling 
erosion rate are the pulse parameters, work shape, electrode material 
properties and the machining fluid [29-30]. 
2.4.2 Discharge Voltage 
Discharge voltage in EDM is related to the spark gap and breakdown strength 
of the dielectric. Before current can flow, the open gap voltage increases until 
it has created an ionization path through the dielectric. Once the current starts 
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to flow, voltage drops and stabilizes at the working gap level. The preset 
voltage determines the width of the spark gap between the leading edge of 
the electrode and workpiece. Higher voltage settings increase the gap, which 
improves the flushing conditions and helps to stabilize the cut. MRR, TWR 
and surface roughness increase with increasing open circuit voltage, because 
electric field strength increases. However, the impact of changing open circuit 
voltage on surface hardness after machining has been found to be only 
marginal. 
2.4.3 Peak Current 
This is the amount of power used in discharge machining, measured in units 
of amperage, and is the most important machining parameter in EDM. During 
each on-time pulse, the current increases until it reaches a preset level, which 
is expressed as the peak current. In both die-sinking and wire-EDM 
applications, the maximum amount of amperage is governed by the surface 
area of the cut. Higher amperage is used in roughing operations and in 
cavities or details with large surface areas. Higher currents will improve MRR, 
but at the cost of surface finish and tool wear. This is all the more important in 
EDM because the machined cavity is a replica of tool electrode and excessive 
wear will hamper the accuracy of machining. New improved electrode 
materials, especially graphite, can work on high currents without much 
damage. 
2.4.4 Pulse Parameters 
Pulse parameters are significant in determining the erosion rates of the given 
work material. An increase in working voltage, pulse current and pulse ‘ON’ 
time generally results in higher metal removal rates (MRR). However, for the 
given configuration these variables invariably show an optimum value for 
which MRR would be maximized. On the other hand, an increase in pulse 
‘OFF’ time reduces the pulse duty factor and consequently lowers the 
machining rate [31-32]. 
Dependence of machining rates on tool work polarity cannot be explained 
only by the material properties of the electrodes and pulse duration. It is a 
complex phenomenon associated with the ignition mechanism of the spark 
and the electrical power distribution between the cathode and anode. In R-C 
circuits a straight polarity (tool cathode, work anode) is generally employed, 
whereas a reverse polarity (tool anode) is sometimes preferred in 
transistorized pulse generators. Heuvelman [33] reported a rapid fall in the 
REW with decreasing pulse duration while using sinusoidal waveform pulses 
and negative tool electrode polarity. With longer pulses, the polarity has to be 
altered in order to keep the electrode wear low. At the beginning of the pulse 
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the number of electrons is larger than the number of ions; hence, the anode 
wears at the faster rate. At sometime, after the pulse has been switched ON 
the electron to ion ratio changes and the number of generated ions increase. 
When this happens, the cathode wears increases. In their experiments, 
Rajurkar et.al [34] changed the polarity of the electrodes when the ion current 
become predominant, and thus obtained low relative tool wear. Snoeys and 
Van Dijck [35-36] calculated the ratio of electron to ion current (ic-/ic+) and the 
anode/ cathode (Pa/Pc) power distribution for two cases (Copper and Iron) for 
different current densities and for various cathode temperatures. They found 
that the power ratio (Pa/Pc) decreases with the total current density and 
concluded that in general all parameters leading to a decrease in the current 
density would result into a reduction in the positive electrode wear [35]. As the 
energy density decreases with increasing pulse duration, a negative tool 
polarity is often recommended for use in case of relaxation generators, which 
normally produce high current amplitudes (100 – 1000A) and short pulse 
durations (0.1-50μs). Whereas, a positive tool polarity is normally 
recommended for pulse generators yielding smaller current amplitudes (1-
1000A) and longer pulse durations (1-2000μs). 
Although pulse energy and duration largely determine the machining rate, the 
efficiency of erosion depends on the pulse shape. In subsequent studies it 
has been reported that rectangular pulses are not the optimal shapes for 
maximum metal removal from point of view. Trapezoidal pulses with negative 
slopes have been found to yield higher metal removal rates [37-38]. This has 
been confirmed theoretically also. However, in these experiments, high 
machining rate was associated with increasing tool wear, which may be 
undesirable in most of the practical machining situations. 
2.4.5 Electrode Shape 
The machining rate has also been reported to depend upon the sparking area, 
overall shape of the cavity to be produced, and the machining depth. It is 
understandable that a large machining surface would offer more possibilities 
of producing spark at various places. However, too large machining areas, 
with complicated geometry of the electrodes, or greater machining depths 
may reduce current densities and/ or offer resistance to efficient dielectric 
circulation and flushing and can sometimes lead to a drop in machining rates 
[38-39]. 
2.4.6 Dielectric Fluids 
The dielectric fluids are used to flush away the eroded particles from the gap 
between electrode and work piece, otherwise they can form bridges, which 
may cause short circuits. Such arcs can burn big holes in the work piece and 
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the electrode. Modern spark erosion plants therefore have a built in power 
adaptive control system, which increases pulse spacing as soon as this 
happens and reduces or shuts off the power supply completely. The more thin 
dielectric fluid with lower surface tension can provide better ability to meet 
flushing requirements. 
The dielectric medium greatly influences the process of electro sparking and 
the metal removal. Discharges in gaseous medium generate less energy and 
exhibit several secondary craters. Moreover, material eroded from the anode 
tends to adhere to the cathode. This effect is, therefore, used for building up 
of worn parts and as a means of surface hardening [42-43] On the other hand, 
liquid dielectrics confine the spark into a narrow channel, which helps to 
achieve higher current density and hence increases the erosion rate of the 
work material [30]. Apart from facilitating the plasma channel formation and 
providing insulation to the electrodes till the next discharge occurs, the 
dielectric also removes the heat from the electrodes and keep proper 
machining conditions by carrying the products of discharge (debris) away from 
the machining zone. Although most of the commercially available 
hydrocarbons, siloxanes, alcohols and ordinary water possess the properties 
of a good dielectric to a greater extent but, kerosene has found widest 
application for fine and medium fine machining. During machining, the 
dielectric temperature rises and it gets contaminated with erosion debris. This 
may consist of resolidified metal particles from electrodes, together with 
carbon rich solid particles produced due to the breakdown of the dielectric 
fluid during the spark. If kerosene is cooled and the solid debris is removed by 
settling or filtration it may be reused over a long period of time without any 
appreciable loss in machining efficiency [33]. 
2.4.7 Gap Flushing 
Forced circulation of the dielectric through the discharge gap has an important 
influence on the efficiency of the process, particularly at greater depths of 
penetration where accumulation of the erosion debris and gases lead to highly 
irregular sparking and reduced MRR. This could also distort the work profile 
being produced and sometimes result into extensive damage to the workpiece 
and tool. Investigations indicate that optimum material removal rate strongly 
depends on the dielectric flow velocity and in general this should have a low 
value [39, 44]. Willey [39] has reported that by choosing a suitable flow 
velocity of dielectric fluid it is possible in some cases to have desired 
electrode wear and surface roughness values. On the other hand, large static 
pressure can lead to an increase in machining rate especially with long pulse 
durations. The mode of dielectric flushing also influences the EDM 
performance. Greene [30] has reported some experimental results of the 
influence of continuous, alternate, and combined flushing methods on work 
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piece and tool geometry and claimed that alternate flushing results in a small 
improvement. Others [45] have investigated the effects of pressure or suction 
flushing on degree of edge rounding, as well as the angle of inclination of the 
machined surface and reported that greater edge wear and taper occurs at 
the dielectric exit side. According to Heuvelman [33] under identical machining 
conditions, suction flushing during finishing would be more beneficial. 
Experiments with vibrating tool electrodes have also been conducted by some 
investigators. This would mainly facilitate the gap cleaning. In such cases, for 
optimum MMR, the frequency of vibration should be high or alternatively the 
vibration amplitude should be small. 
2.4.7.1 Pressure Flushing 
Next to open flushing, pressure flushing is the most important mode. The 
dielectric is either pushed through a flushing hole in the electrode from above, 
or through a flushing hole in the work piece from below. The amount of 
dielectric flowing through is more important for effectivity than the pressure of 
flushing. When calculating the smaller than specified dimension of the 
electrode, it must be remembered that in this type of flushing particles rising 
up through the lateral gap are continuously causing additional erosion [46]. 
2.4.7.2. Suction Flushing 
In suction flushing, the eroded particles are sucked out of the gap between 
electrode and work piece. This type of flushing is best in those cases, where a 
fine finish and parallel walls are required in the work piece. When using this 
method with narrow gaps and small amounts of dielectric flowing through, 
care must be taken that enough dielectric gets into the spark gap, so that the 
spark erosion process will remain stable [47]. In very complex jobs both 
suction and pressure flushing is practiced. 
2.4.7.3 Interval Flushing 
In interval flushing, the erosion process is interrupted for a while and the 
electrode is retracted. This improves the flushing out of the eroded particles. 
The retraction and return of the electrode has the additional effect of suction 
and pumping respectively, which improves the effectiveness of the flushing 
process. This method is particularly suitable, when deep depressions or thin 
electrodes are involved, and also during finishing work. 
Efficient flushing is a very critical factor in the entire spark machining process 
because the properties of the dielectric will rapidly deteriorate by progressive 
soiling [48]. This results in a marked decrease of the stock removal rate 
accompanied by an increased proneness to arcing and thus to interruptions of 
the machining process. This makes it imperative to provide not only for the 
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supply of clean dielectric and the removal of the eroded particles but also for 
good filtration of the dielectric. Even an optimum generator setting will not 
produce satisfactory eroding results if the flushing conditions in the spark gap 
are inadequate. It should be noted in this respect, that poor flushing might 
also cause distortions, for example if sparking occurs on top of the debris, It is 
required to know about the flash point, dielectric strength, viscosity, specific 
gravity, colour and odour of the dielectric fluid used. 
2.4.8 Tool Electrode 
The EDM is basically a copying process and therefore the shape and 
accuracy of the machined part would largely depend upon the shape and 
accuracy of the cutting tool electrode. Unfortunately, electrodes for discharge 
machining are highly expendable because each erosive spark removes a 
certain amount of the material from the tool electrode as well [49-53]. Thus, as 
machining progresses, the electrode shape may degenerate considerably 
which can influence the accuracy of machining. In some cases, a series of 
slightly differing tool shapes may have to be used to achieve the desired 
result. This obviously increases the machining cost. Consequently, materials 
that are cheap, easy to fabricate, and give high cutting rate with minimum self 
erosion are preferred for tool electrode manufacturing. 
2.5 EDM SURFACE LAYERS 
The examination of a section of the surface layer produced by EDM (Fig. 2.7) 
reveals that there is a top white layer which crystallizes from the liquid cooled 
at high speed.  The depth of this top melted zone depends on the pulse 
energy and duration. Below the top layer is a chemically affected layer with 
changes in the average chemical composition and possible phase changes. 
After this, there is a plastically deformed zone with micro and macro strains 
characterized by the presence of twinning, slip and phase changes. 
The EDM process changes not only the surface of the workpiece metal, but 
also the subsurface. Three layers are created on top of the unaffected 
workpiece metal. The spattered EDM surface layer is created when expelled 
molten metal and small amounts of electrode material form spheres and 
spatter the surface of the workpiece. This spattered material is easily 
removed. 
 The next layer is the recast (white) layer. The action of EDM has actually 
altered the metallurgical structure and characteristics in the recast layer. This 
layer is formed by the un-expelled molten metal solidifying in the crater. The 
molten metal is rapidly quenched by the dielectric. Micro-cracks can form in 
this very hard, brittle layer. If this layer is too thick or is not reduced or 
removed by polishing, the effects of this layer can cause premature failure of 
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 the part in some applications. 
 
 
 
 
 
 
 
Fig. 2.7 Surface layers after electrical discharge [71] 
The last layer is the heat affected zone (HAZ) or annealed layer, which has 
only been heated, not melted. The depth of the recast layer and the heat 
affected zone is determined by the heat sinking ability of the material and the 
power used for the cut. This altered metal zone influences the quality of the 
surface integrity. Automatic finishing circuits available on CNC machines 
greatly reduce the recast layer, but do not eliminate the heat affected zone. 
2.6 SURFACE INTEGRITY IN EDM 
Each successive pulse discharge in EDM produces a distinct crater on the 
surface of work piece and the tool electrode. The resulting surface consists of 
a series of randomly distributed overlapping craters with depth to diameter 
ratio varying from 5 to 50 μm. The quality of surface largely depends on the 
pulse energy and pulse duration. For small energy pulses (tenths of a joule) 
surface finish comparable to that obtained in turning, planning or milling 
operations may be obtained [43]. An interesting feature of EDM surface is that 
unlike conventionally machined surfaces, it has no definite direction of layer. 
This gives the surface a ‘Matte’ appearance, and better functional properties 
due to retention of surface oil film. 
2.6.1 Surface Deformation 
Immediately at the end of the discharge in EDM, the molten metal left over the 
crater is still at a sufficiently high temperature. This is cooled rapidly by the 
dielectric leading to epitaxial solidification of the molten layer onto the 
substrate. High stresses produced due to contraction on cooling, and shock 
waves produced due to electric discharge can cause severe slip, twining, and 
cleavage in the affected layer depending upon the machining conditions 
employed. These defects accumulate at the grain boundaries and can lead to 
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surface cracking. Even in ductile materials practically all spark-machined 
surfaces show some cracking and presence of high residual stresses. 
Nevertheless, the severity of damage may be reduced by a judicious choice of 
machining parameters. 
2.6.2 Metallurgical Changes during EDM Process 
The surface integrity of a component describes the topological, mechanical, 
metallurgical and chemical conditions of the surface region which includes the 
surface and subsurface structure. After spark machining of steel, if an etched 
cross-section of the machined surface is examined it would show three 
distinct zones: (a) a white surface layer (b) a heat-affected zone and (c) the 
unaffected parent metal [54-55]. The top surface layer is found enriched with 
carbon picked up from the dielectric and electrode material. When etched, it 
shows a columnar structure indicating that its origin is from solidification from 
the molten state. Below this, and extending up to 20 times the thickness of the 
white layer is a metallurgical and chemically affected region which is mainly 
due to thermal release and diffusion of material from the molten layer. 
The re-solidified layer frequently undergoes unusual phase changes caused 
mainly by the reaction products derived due to cracking of the dielectric, and 
due to alloying of the work material layer with the transferred tool material [56-
59]. In general, pure non-ferrous materials exhibit few phase changes, 
whereas, ferrous pure iron, carbon steels, and alloy steels exhibit changes of 
increasing complexity. 
The dielectric appears to be a major factor in determining the extent of phase 
changes. Several authors have studied the surface deposition and diffusion of 
tool material on the machined surfaces [60-62]. They observed that 
essentially the changes in chemical composition remain confined to the re-
solidified layer and also up to very thin zone below it. While machining tool 
steel with copper electrodes, it was found that up to 10% copper is 
concentrated in a zone of 5μm depth of the work material and this 
concentration decreases sharply beyond 20 μm depth. It has further been 
reported [62] that materials with poor thermal conductivity show lower depth of 
diffusion, which, however, increases as higher energy pulses are employed. 
These changes in chemical composition of the work surface layer, mainly 
caused by the absorption of carbon from decomposed dielectric and the 
transfer of material from the tool electrode, can lead to considerable changes 
in the physical properties of the material. Increase in hardness values has 
been reported in several cases [63-65]. However, the hardness falls rapidly at 
depth in excess of the thickness of the re-solidified layer [55, 66]. 
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2.6.3 Residual Stresses in EDM 
EDM generates residual stresses, these being mainly due to the non 
homogeneity of heat flow and metallurgical transformations [33, 55, 67-68]. 
Investigation of the residual stresses of EDMed components revealed their in 
nature is tensile. An increase of their magnitude is observed at the surface 
layers with increasing pulse energy. Since the integrity of the EDM surface is 
degraded by the unstable arcing which always occurs during the machining 
process, the quality of an EDM product is evaluated in terms of surface 
integrity, which is characterized by the surface roughness, presence of 
surface cracks, and the residual stresses. 
The roughness of the EDM surface is associated with the distribution of the 
craters formed by the electric sparks [63]. Kunieda et al. [31] have reported 
that only 15% of the molten work piece material is flushed away by the 
dielectric. The remaining material re-solidifies on the EDM surface due to fast 
cooling rate generated by the dielectric. This recast layer is referred to as the 
white layer since it is very difficult to etch and looks white and when observed 
under an optical microscope. It has been suggested previously that the 
electric sparks generated during machining decompose the kerosene 
dielectric, and the resulting carbon penetrates into the machined surface [29, 
43]. High cooling rates of the molten metal left over in the crater, combined 
with shrinkage of the re-solidifying layer can introduce considerably large 
tensile stresses in the work surface. These residual stresses are essentially 
confined to the immediate vicinity of the top surface area of the machined 
workpiece and fall off rapidly with depth below the top surface to a relatively 
low value further, at certain distance below the surface the nature of the 
stress changes over to compressive [33, 55]. 
Since the surface layer of a workpiece machined by EDM is brittle and has 
low strength, the work surfaces after machining have often been found to 
exhibit a network of micro-cracks, sometimes penetrating into the parent 
material [67-68]. The depth of this surface damage depends upon the 
parameters of the discharge (pulse duration playing a more important role) 
and may be between 2.5 and 5 times the roughness (Ra) value of the surface 
[65] for steel (1% carbon). Others [67] mention it to be 1.5 to 2.0 times the 
thickness of the molten zone. 
2.6.4  Effect of EDM on Mechanical Properties of Work Material 
The presence of high surface residual stresses and micro cracks in 
components produced by EDM have a significant effect on the properties of 
the work material such as, fatigue life, and stress corrosion behavior. Several 
investigators have reported a significant decrease in fatigue strength of the 
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spark machined components [29, 67, and 69]. Aleksandrov [69] has quote a 
10-30% reduction in fatigue strength of alloy steel parts when machined by 
EDM, whereas a 60% decrease in endurance limit in case of Inconel 718. 
Aleksandrov [69] further claimed that even finish machining by EDM can also 
prove to be detrimental to fatigue strength. Barash [43, 51] has reported 
considerable lowering of the fatigue and impact strengths of tool steel 
specimen when processed by EDM. Some improvement in fatigue life of the 
machined specimen is possible by imparting suitable heat treatment to the 
components machined by this process. However, if surface cracks are 
present, the damage is of permanent nature and the affected zone must be 
removed by lapping, polishing or by some other suitable means [70]. 
Bhattacharya et al. [72] correlated the spark gap with size of the damaged 
zone and recommended that removal of a layer equivalent to half the gap 
width will eliminate the entire damaged zone. 
2.7 ALLOYING ELEMENTS IN TOOL AND DIE STEELS 
Steels used for tool and die applications cover a wide range of ferrous alloys. 
A tool or die steel is any steel used to make tools for cutting, forming, or 
otherwise shaping a material into a part or component adapted to a definite 
use. Plain carbon steels, if used as cutting tools, lack certain characteristics 
such as red hardness and hot strength toughness, which are necessary for 
such applications [73]. Some elements added to plain carbon steels as 
alloying elements overcome many of the shortcomings. These elements may 
dissolve in the ferrite phase and increase its hardness and strength by the 
principle of solid solution strengthening. They may also form hard carbides or 
intermetallic compounds. Elements like nickel, aluminum, silicon, copper and 
cobalt are all found largely dissolved in ferrite. Others like manganese, 
chromium, tungsten, molybdenum, vanadium and titanium have a tendency to 
form carbides if sufficient carbon is available. While all the carbides found in 
steel are hard and brittle, chromium and vanadium carbides are outstanding in 
hardness and wear resistance [74]. The alloying elements may also exist as 
intermetallic compounds such as FeCr, Fe2W, FeMo, Fe3Ti, Fe3Mo2 etc. The 
effect of some of these alloying elements on the properties of tool and die 
steels [75] relevant to this research work is discussed below. 
Carbon is the most important alloying element in steels. Hardness increases 
as the carbon content is increased. But if carbon content increases above 
0.85 %, it leads to a lowering of strength and the hardness remains almost 
constant. Upon quenching, the maximum hardness attainable also increases 
with increasing carbon content, but above a value of 0.6 %, the rate of 
increase is very small. In the 0.85 to 1.4 % carbon range, an increase in 
carbon content increases the wear resistance at the expense of toughness. 
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The increase in wear resistance is due to the presence of undissolved hard 
carbides in the hardened matrix.  
Chromium increases the hardenability, wear and abrasion resistance, and 
toughness of steel. Its effectiveness as a carbide former is between tungsten 
and manganese. The carbides that are formed have high wear resistance and 
high hardness. When added to steel in amounts of 10 % or more, the 
corrosion resistance of the material becomes very high. 
Manganese increases the depth of hardness and counters the brittleness 
caused by sulphur. It also improves the ductility properties of steel without 
sacrificing strength and wear resistance. Its carbide forming ability is greater 
than that of ferrite but less than that of chromium. It is most effective in high 
carbon steels and improves the hot working properties.  
Silicon in percentages of up to 0.25 % has little effect as an alloying element. 
In percentages of up to 2 %, it intensifies the effect of manganese, chromium 
and molybdenum. It increases the hardenability and oxidation resistance of 
steel. When combined with manganese, the strength and toughness of steels 
improve substantially. Its carbide forming effect is less than that of ferrite. 
Nickel is one of the oldest and most fundamental alloying elements in steel. It 
is highly soluble in both ferrite and gamma iron, thus it contributes to the 
strength and toughness of these phases. When alloyed in steels having high 
chromium content, it improves hardenability. 
2.8 EDM DRILLING 
The main processes of EDM are ram EDM, wire EDM and EDM Drilling.  
There are so many hybrid processes also associated with EDM.  By reviewing 
the above literature it has been seen that lot of work has been done in the 
field of electrical discharge machining.  There is some work already 
mentioned above about EDM.  EDM drilling is specific process to generate 
holes, as the name suggests, for many application as mentioned in chapter 
1(section 1.4). Scientists, researchers and engineers have worked on EDM 
drilling (which is also called rotary EDM). 
The main change in process of EDM drilling in comparison to EDM is 
electrode used to drill hole is always hollow.  There is no need to submerge 
the work piece in the dielectric.  However dielectric is used, in general is 
deionised water, which is passed through the hollow electrode.  The other 
main difference is electrode is given some rotation to achieve uniformity in 
material removal and getting better surface finishing.  Some of the parameters 
are already explained in chapter 1(section 1.4). However there is some work 
published is mentioned and described as follows: 
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Soni and Chakraverti [76] used rotary EDM to machine titanium alloy.  
Wansheng et al. [77] & Ghoreishi et al. [78] have made comparative study for 
EDM in which they utilized rotary electrode.  Mohan et al. [79] used rotary 
EDM to machine Al–SiC MMC. It was reported that the imparted rotary motion 
to the electrode, material removal rate have been improved due to effective 
flushing conditions. According to the Koshoy et al. [80] and Mohan et al. [79], 
the centrifugal force generated by the rotating tube electrode throws a new 
layer of dielectric in to the machining gap.  Tzeng et al. [81] have performed 
experiments with Taguchi’ technique on edm and concluded that the most 
important factors affecting the machining speed of the EDM process have 
been identified as pulse on time and applied electric current in low voltage.  
K.D. Chattopadhyay et al. [82] developed empirical model for three 
parameters & three levels for rotary edm.  Based on model they have 
achieved near results in further experimentation. They also found that 
maximizing MRR & achieving best SR is not possible simultaneously at one 
combination of control parameters settings. 
Material removal and its mechanism has been one of the main concerns for 
several years. Since the development of this process, researchers have 
explained the material removal mechanism by developing different thermal 
models to predict material removal based on melting and evaporation. They 
predicted that material removal takes place not only by vapour ejection but 
also due to liquid expulsion. 
Apart from all these researchers, there are many others who have published 
their work represented empirical models on EDM for various materials.  M.G. 
Xu et al. [83] have concentrated on Material removal mechanism of cemented 
carbide material for ultrasonic vibration assisted EDM.  Yan-Cherng Lin et al. 
[84] have found that the MRR of magnetic force assisted EDM was almost 
three times as large as the value of standard EDM.  K.M. Patel et al. [85] 
concluded that surface roughness increases with discharge current and pulse-
on time for Al2O3 ceramic composite.  Byung-Kwon Min et al. [86] have 
demonstrated that the virtual EDM simulator successfully predicted the 
geometries of the workpiece and the tool in the micro-EDM milling processes.  
Rajesh K. B et al. [87] have studied the effect of machining parameters on 
surface roughness & tool wear for SiC composite material and optimize the 
parameters.  Sanjeev Kumar et al. [88] have investigated the surface 
properties of OHNS die steel and found Peak current, Pulse on time, Pulse off 
time all are significant parameters. Small hole drilling is rather difficult process 
in most technological applications [10, 89-91]. 
Among these materials HD11, Brass and EN31 have not investigated at all. 
HD11 finds wide varieties of application used as low cost die material in tool 
and die making industries.  Brass has innumerable applications mainly 
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bushes, journal bearings, switch gear components etc.  EN31 is used at many 
places like bearing cone, races, cages, crank shaft etc. All these applications 
are in use of day to day life as well they need small hole. 
By reviewing the above literature it evident that lot of work has been done in 
EDM but at the same time not same amount of work is available on EDM 
drilling.  Since EDM drilling utilises the same principal that of EDM drilling 
except few things.  Literature of EDM can be used to work further on EDM 
drilling. 
2.9 RESEARCH OBJECTIVES 
The extensive objective of this work is EDM drilling and study of various 
parameters. The objectives of the study are:- 
1. To investigate the significant EDM drilling parameters that affects on the 
process performance noted as Material Removal Rate (MRR), Surface 
Roughness (SR), Electrode wear ratio (EWR). 
2. To study the effects of process parameters on dimensional output of the 
holes like deflection, circularity, cylindricity and taper.  Also the effect on 
hardness of the material to be focussed. 
3. To establish the optimum EDM drilling parameters for HD11, Brass & EN31 
material. 
4. To develop the empirical model for EDM drilling process using Taguchi’s 
method of Design of Experiment (DOE). 
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CHAPTER 3 
THEORETICAL ANALYSIS 
 
3.1 INTRODUCTION 
It is utter most important to understand what is taking place between the 
electrode and the workpiece which can aid in several important areas. A basic 
knowledge of EDM theory can help with troubleshooting, in selecting the 
proper workmetal/electrode combinations, and in understanding what is good 
for one job is not always good for the next. The removal of material in 
electrical discharge machining is based upon the erosion effect of electric 
sparks occurring.  The following description represents a combination of what 
is known plus what is theorised about the process. 
3.2 PHASES OF DISCHARGE 
The following nine phases show step-by-step what is believed to happen 
during an EDM cycle. [21, 92]   
Phase-1 
A charged electrode is brought near the workplace. Between them is 
insulating oil, known in EDM as dielectric fluid. Even though a dielectric fluid is 
a good insulator, a large enough electrical potential can cause the fluid to 
break down into ionic (charged) fragments, allowing an electrical current to 
pass from electrode to workpiece. The presence of graphite and metallic 
particles suspended in the fluid can aid this electrical transfer in two ways: the 
particles (electrical conductors) aid in ionizing the dielectric oil and can carry 
the charge directly;  
 
 
 
 
 
Fig. 3.1 Phase 1 charged electrode near the workpiece. 
and the particles can catalyze the electrical breakdown of the fluid. The 
electrical field is strongest at the point where the distance between the 
electrode and workpiece is least, such as the high point shown. 
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Phase-2 
As the number of ionic (charged) particles increases, the insulating properties 
of the dielectric fluid begin to decrease along a narrow channel cantered in 
the strongest part of the field. 
 
Fig. 3.2 Phase 2 ionic charged particles increases. 
Phase-3 
A current is established as the fluid becomes less of an insulator. Voltage 
begins to decrease. 
 
Fig. 3.3 Phase 3 establishment of current. 
Phase-4 
Heat builds up rapidly as current increases, and the voltage continues to drop. 
The heat vaporizes some of the fluid, workpiece, and electrode, and a 
discharge channel begins to form between the electrode and workpiece. 
 
Fig. 3.4 Phase 4 beginning of discharge channel. 
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Phase-5 
A vapour bubble tries to expand outward, but its expansion is limited by a rush 
of ions towards the discharge channel. These ions are attracted by the 
extremely intense electro-magnetic field that has built up. Current continues to 
rise, voltage drops. 
 
Fig. 3.5 Phase 5 attractions of ions by electro-magnetic field. 
Phase-6 
Near the end of the on-time, current and voltage have stabilized, heat and 
pressure within the vapour bubble have reached their maximum, and some 
metal is being removed. The layer of metal directly under the discharge 
column is in molten state, but is held in place by the pressure of the vapour 
bubble.  
 
 
 
 
Fig. 3.6 Phase 6 superheated plasma 
The discharge channel consists now of a superheated plasma made up of 
vaporized metal, dielectric oil, and carbon with an intense current passing 
through it. 
Phase-7 
At the beginning of the off-time, current and voltage drop to zero. The 
temperature decreases rapidly, collapsing the vapour bubble and causing the 
molten metal to be expelled from the workpiece. 
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Fig. 3.7 Phase 7 beginning of off time. 
Phase-8 
Fresh dielectric fluid rushes in, flushing the debris away and quenching the 
surface of the workpiece. Unexpelled molten metal solidifies to form what is 
known as the recast layer. 
 
Fig. 3.8 Phase 8 removal of debris through flushing. 
Phase-9 
The expelled metal solidifies into tiny spheres dispersed in the dielectric oil 
along with bits of carbon from the electrode. The remaining vapour rises to the 
surface. Without a sufficient off-time, debris would collect making the spark 
unstable. This situation could create a DC arc which can damage the 
electrode and the workpiece. 
 
Fig. 3.9 Phase 9 expelled metal particles solidifies. 
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3.3 EDM PROCESS MODELLING 
EDM Process consists of material removal through electric discharge. The 
phenomenon of metal removal by electrical discharges is quite complex to 
analyze. This is because of the fact that a number of interdependent variables 
have a controlling effect on the process. Till date, there is no established 
mechanism to describe the metal erosion process. Not even single conclusive 
theory has been established for this complex machining process. 
Although most of EDM machines available today have some kind of process 
control, still selecting and maintaining optimum settings is an extremely 
difficult job. The lack of data on conventional as well as advanced materials, 
precise gap monitoring devices, and an adaptive control strategy that 
accounts for the time variant and stochastic nature of the process are the 
main obstacles toward achieving the ultimate goal of unmanned EDM 
operation. A few attempts related to EDM machining and surface integrity 
data, thermal modelling and adaptive control have been made. When harmful 
or unproductive machining takes place i.e. arcs, short circuits or open circuits, 
the controller provides so called “test pulses” with shorter pulse on-time and 
much longer interval time than the machine pulse as selected by the operator. 
These low energy pulses allow the gap to restart machining. 
However, as far as machining conditions, tool and work piece materials are 
concerned; most of these attempts are limited in scope. A comprehensive 
investigation into the surface generating mechanism is one of several 
essential steps for exploring and developing the overall knowledge and 
technology base of the EDM process. 
The existing hypotheses proposed by several researchers are all based on a 
number of conflicting assumptions mainly due to major differences in the 
experimental conditions employed by them. Considering all aspects one can 
summarise that the mechanism of metal removal in EDM should be studied 
under the following headings: 
• Electro mechanical theory 
• Thermal theory 
• Thermal mechanical theory 
This classification, though useful, has certain difficulties in interpretation of the 
results and hence is considered to be unsatisfactory. However, this approach 
is useful to understand the process. Basically the high energy density erodes 
a part of material from both the electrode and the work piece by locally 
melting and vaporizing and this is the dominant erosion process [43]. 
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Work on modelling of physical phenomenon at micro level has been done. 
These models can be classified as thermo-mechanical models [93-96] and 
electro-mechanical models [97]. It was found that for short pulse durations 
material removal was predominantly due to electrostatic forces. But for longer 
pulse durations superheating of the workpiece surface was found to be 
responsible for erosion [97]. 
3.3.1 Electro-mechanical theory 
Metal erosion in EDM to electric field forces, which arise due to the presence 
of extremely high current densities in the vicinity of the areas of spark 
impingement. He calculated the magnitude of these forces and found them to 
be much higher than the yield point of the work material [29]. This is 
responsible for the fracture and wear of the exposed area. In subsequent 
works demonstrated that the work piece (anode) erosion is closely related to 
its tensile strength.  
The electro-mechanical theory of Williams [29] was also supported by Rudorff 
[98] who found no evidence of melting of the electrode surface during EDM. In 
other reporting also [66], it is agreed that for very short duration pulses (<2 μs) 
some material indeed may be removed by mechanical fracture of the 
electrode. However, the researchers describe that for pulses greater than 2 μs 
duration, the erosion phenomenon is basically thermal in nature. The over 
whelming evidence is provided by high speed photographic records of metal 
erosion dynamics in EDM. Fuzhu Han et al. [99] described the development of 
parallel spark EDM method. In the discharge circuit, the electrode is divided 
into multiple electrodes, each of which is electrically insulated and connected 
to the pulse generator through a diode. A capacitor is inserted parallel to each 
discharge gap between each electrode and work piece (here the work piece is 
common for each electrode). Compared with conventional EDM in which only 
a singular discharge can be generated for each pulse, multiple discharges can 
be generated for each pulse in parallel sparks, but the Machining speed and 
surface roughness can also be improved with parallel spark EDM. 
To generate discharges that occur at two or more places, Chen et al. [44] 
developed a multi circuit system using a number of discharge circuits and 
corresponding number of electrodes in the circuit. It was reported that this 
method can improve the machining speed. However, the demerit of this 
system is that it needs a number of discharge circuits, which results in a high 
making cost when the size of the electrode is larger. 
Better correlation of eroded crater volume with thermal properties of the 
electrode material [30] and also the evidences of melting and heat affected 
zone as observed in photomicrographs published by several researchers [29, 
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55] confirm beyond doubt that the electrode erosion is primarily electro 
thermal in nature. 
As described earlier, in this mechanism electrostatic force plays a significant 
role in material removal, the material is assumed to yield under the force 
rather than melt [97]. The workpiece electrode is assumed to be a semi-
infinite zone. The surface stress generated due to electric field is [97]- 
4 ( )o wsen eσ φ φ=      (3.1) 
Because of the surface stress the cathode material yields. If the yield strength 
and surface stress is known, the crater depth can be calculated as follows: 
( )
ωφ
π
−= 3 2 ( / )
0, , }{ i dI m ez Sy tz     (3.2) 
Thus the depth of the crater is estimated. 
3.3.2 Thermal theory 
The temperature of the electrode at the point of spark impingement is 
instantaneously raised to an extremely high value (about 12000ºC) due to 
high temperature of the plasma channel. 
This results in some metal erosion from the electrode. Thermal nature of the 
EDM process has been discussed by several investigators [52]. However, 
there are certain conflicting reports regarding the nature of the discharge 
column. Some believe that the discharges are multi channelled whereas; 
others maintain that it occurs in a single channel [53, 54]. In order to simplify 
the analysis, metal removal in these studies has been considered as single 
channel discharge only. According to thermal theory of metal erosion, material 
from the electrodes is predominantly removed due to evaporation [9, 55, and 
56]. This, however, is in contradiction with experimental observation of others 
[57, 58]. The distribution of the erosion products in the electrode gap after 
being ejected from the discharge zone has been studied using trace pattern 
analysis method (a technique where traces of the discharge are recorded on 
special photographic plates under controlled conditions) by Willey [58]. By 
analyzed the debris produced during EDM, under Scanning Electron 
Microscope (SEM) he concluded that in EDM, some metal is removed in 
vapour and even solid phase but the bulk is ejected in the liquid form from the 
molten pool. He also determined the ratios of vapours and liquid phases for 
various metals and for different working conditions. 
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Thermal model is best explained by plasma model generated. A series of 
models proposed by Dibitinto et al [93, 94, and 100] have been summarised. 
In VMCPM a cylindrical plasma channel of variable mass is assumed to 
expand with time. The dynamics of this variable mass plasma channel are 
modelled. The radius of the plasma channel is calculated as a function of time 
and is given by [100]- 
22 2
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The plasma channel is assumed to be in ‘Quasi equilibrium" with its 
surrounding dielectric. The plasma channel is assumed to expand due to two 
reasons - The energy transfer between the plasma channel and the 
surrounding dielectric. This energy transfer is assumed to be due to radiation. 
The plasma channel is assumed to be a blackbody. 
Because of the radiation, part of the surrounding dielectric vaporizes and 
becomes part of the plasma channel and thus the plasma channel is assumed 
to expand. The rate at which the mass of plasma channel increases because 
of radiation is given by [100]- 
( )p O dm dHUIF H H mdt dt= − +      (3.4) 
2) Further the plasma channel also expands due to its own pressure and is 
given by Eq.3.3. 
With addition of new mass to the plasma channel and its expansion due to its 
pressure, the plasma properties pressure and temperature vary with time. 
These changing values of plasma properties are used to evaluate the 
enthalpy and density of the plasma channel. 
This process is repeated till the end of discharge to calculate the radius of 
plasma channel as a function of time. 
3.3.3 Thermal mechanical theory 
Deng [53] experimentally determined the magnitudes of the electrodynamics 
and non-electrodynamics (mainly thermal) forces acting over the electrode 
during the discharge and found that, in some cases, these forces may be 
comparable. He further reported that electrodynamic forces are a function of 
the pulse current and act only during the duration of the discharge, whereas 
the forces arising due to non-electrodynamic effects act for a much longer 
period. 
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The thermo-mechanical theory for metal erosion which is applicable to 
majority of the cases, suggests that during machining, the metal is partly 
removed due to vaporization and tearing off the grains either completely or 
partially followed by melting. This pool of liquid gets ejected out due to 
combined action of a number of forces viz., electromagnetic and electrostatic 
forces arising due to the presence of electric field accompanying the electric 
discharge; hydrodynamics forces due to the flow of dielectric; mechanical 
pressure waves due to explosion of gas bubbles; and gas pressure waves 
due to vaporization of the dielectric and gases liberated in the molten metal 
[50, 59-61]. 
Zolotych [62] using high speed photography observed that the ejection of 
molten metal from the molten pool is a continuous process till the end of the 
discharge and is accompanied by the evolution of the gases. These 
observations were largely confirmed by Williams [42]. 
However, their interpretations of the observed phenomenon are different. 
Zolotych [62] attributes this to violent boiling of the molten metal in the pool. 
This drops down further under pressure of gas bubbles and collapses with the 
end of discharge channel of plasma. On the other hand, according to Williams 
[42], when vapour bubble collapses at the end of the discharge, liquid jets 
impinge upon the crater from all directions causing metal removal. These 
somewhat different conclusions were attributed to the fact that his 
experiments were performed with a pulse of 15 μs duration whereas the pulse 
duration used by Zolotych [62] was much longer. 
In a recent and exhaustive physico-mathematical study of the EDM process, 
Snoyes and Dijck [61, 63] concluded that electrostatic forces play a significant 
role in metal removal during the early stages only (up to 1 μs duration of the 
spark), but immediately after the end of the pulse duration, boiling of a part of 
the molten metal in the pool is mainly responsible for its evolution. Analytical 
computation of the metal removal based upon this assumption has been 
shown to be in fairly good agreement with the experimental data. 
On the basis of the findings presented in the above survey it can be 
concluded that metal erosion in EDM depends upon the energy level and 
duration of the discharge under particular circumstances. Some erosion may 
occur due to electrostatic forces [64] or mechanical impacts of the particles 
but in majority of the cases it is predominantly thermally controlled.  
However thermo mechanical theory is also know as cathode erosion model.  
One of the important models on cathode erosion was of Dibitinto and Eubank 
[93]. They assume that a fraction Fc of the total power UI reaches the 
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electrodes. They replace the heat reaching the cathode with a point heat 
source (see Fig.3.9). 
Then the temperature profile of the workpiece surface from the point heat 
source is given by [93]-  
2 2
c melt
meltT
F UI RTm To erfc
R tπκ α
⎛ ⎞⎜ ⎟⎜ ⎟⎝ ⎠
= +      (3.5) 
 
Fig. 3.10 Cathode erosion model [93] 
Using the above equation the molten metal cavity profile can be obtained 
easily by knowing the melting temperature (Tm) of the workpiece. Similarly 
the model can calculate erosion rate for cathode as a function of time. 
3.3.4 Anode erosion model (Electrode wear) 
In the earlier sections, modelling of plasma and cathode erosion have been 
described. To complete the modelling of an electro spark, the modelling of 
anode erosion is essential, to decide the tool wear. It is known that erosion of 
an anode is very low as compared to the cathode, especially for long and 
medium pulses, since faster resolidification occurs after initial melting of 
anode surface [4]. Hence, not much work has been done in anode modelling. 
The first comprehensive work regarding anode erosion is done by Dibitonto 
and co-workers [4]. The model is based upon expanding disk type heat 
source model with uniform flux. The temperature profile for uniform flux is 
given by- 
( ) ( ) ( )100, , , 2gg gr q dT r z t r J r J r X λλ λκ λ∞Τ= ∫      (3.6) 
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Where J0; J1 are Bessel functions of zeroth, first order. The expression for X in 
the above equation is:  
 
2 2
z zZ zX e erfc t e erfc t
t t
λ λλ α λ αα α
− ⎛ ⎞ ⎛ ⎞⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠
= − − +    (3.7) 
The above equation can be solved iteratively till the solution converges. Thus 
the temperature profile of the anode surface can be generated. 
3.3.5 Model for material removal rate 
A pulse has two parts - (td) which is time for breakdown and time of discharge 
(ton). Assuming that time of breakdown is less compared to the time of 
discharge; energy supplied for each discharge can be written as follows [101]- 
( ) ( )0ts e edE I t U t dt= ∫        (3.8) 
The material removal rate is directly proportional to energy of a spark- 
( ) ( )0tsc e esV F I t U t dt= ∫         (3.9) 
Where Fc is a proportionality constant and ts = td + ti. This analysis can be 
done for n number of spark pulses and assuming a uniform discharge cycle, 
the material removal rate would be given by- 
( ) ( )0ts e eC
s i
F I t U t dt
MRR
t t
= +
∫       (3.10) 
Specifically, for a square wave pulse, the MRR is given by- 
e e s
C
s i
I U tMRR F
t t
= +         (3.11) 
Fig. 3.11 shows that the material removal rate increases linearly with the 
discharge current. Similarly, Fig.3.12 concludes that an increase in the 
discharge pulse duration gives an initial significant increase in MRR and any 
further increase only leads to a very slight increase in the material removal 
rate. 
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Fig. 3.11 Variation of material removal rate MRR with discharge current 
[101] 
Fig. 3.12 Variation of material removal rate MRR with discharge pulse 
duration [101] 
3.3.5.1 Single spark model for material removal rate 
It is known from literature that in EDM since there is one spark per pulse, the 
amount of material removed at the end of n pulses is given by- 
32
3 melt
M n Rπ⎛ ⎞⎜ ⎟⎝ ⎠=         (3.12) 
Where Rmelt is the radius of cavity formed in a single spark. In EDM, after 
every spark of duration ton there is pause time of toff during which the eroded 
material is flushed out. 
So, the total time taken for n pulses to get discharged is given by- 
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( )off onT n t t= +         (3.13) 
Then the material removal rate is given by- 
MMRR
T
=          (3.14) 
The above Eq.3.12-3.14 are well known expressions and have been used in 
many of the earlier studies [93, 102]. 
3.3.6 Model for surface roughness 
A theoretical elementary model has been prepared to calculate peak to valley 
height in order to estimate surface finish. The crater shape is assumed to be 
half-sphere. Hence, the radius of each crater is given as [103]- 
( ) ( )
1
3
0
3
2
ts
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This is maximum peak to deepest valley (Rmax). For a square wave this 
becomes- 
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This equation estimates a surface characteristic as a function of current, 
voltage and discharge pulse energy. 
3.3.7 Process model output 
It was evident from the study that modelling of an EDM process has been 
attempted using various approaches. 
• Microscopic models based on single spark phenomenon in EDM to 
predict the melt cavity radius.  This theory correlated with variable 
mass cylindrical plasma model, cathode erosion model, anode erosion 
model and electro mechanical model. 
• Statistical approach based model and single spark theory based 
approach provides approximation of output with the input of voltage, 
current and pulse on time. 
This above approach calculates Material removal rate (MRR), surface 
roughness (SR) and electrode wear ratio (EWR).  However extensions of 
correlation of these models with various process parameters are not 
attempted so far in literature. 
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There have not been many efforts to model the EDM drilling for various 
process parameters that affects the output.  In this case it becomes necessity 
to build the empirical models.  Now to build the empirical relation between 
above outputs and various process parameters conduction of experimentation 
to be done. 
To conduct experiments to achieve desired results it is always needed that 
experimental technique must be identified.   
3.4 TAGUCHI’S METHODOLOGY 
Here, Taguchi’s methodology of design of experiments is identified to perform 
less number of experiments.  The steps to follow this methodology become 
process model for design of experimentation which describes herewith. 
3.4.1 Determine the quality characteristic to be optimized 
The first step in the Taguchi method is to determine the quality characteristic 
to be optimized. The quality characteristic is a parameter whose variation has 
a critical effect on product quality. It is output or response variable to be 
observed. Examples are weight, cost, corrosion, target thickness, strength of 
a structure and electromagnetic radiation. There are three type of quality 
characteristic in Taguchi methodology, such as, 
• Smaller the better 
• Larger the better and 
• Nominal the best 
3.4.2 Identify the noise and test condition 
The next step is to identify the noise that can have a negative impact on 
system performance and quality, noise factor are those parameter which are 
either uncontrollable or are too expensive to control, noise factor include 
variation in environmental operating condition, deterioration of components 
with usage and variation in response between products of same design with 
same input. 
3.4.3 Identify the control parameters and their alternative levels 
The third step is to identify the control parameter through to have significant 
effects on the quality characteristic, control parameter are those design 
factors that can be set and maintained. The levels (test value) for each test 
parameter must be chosen at this point. The numbers of levels, with 
associated test values, for each parameter define the experimental region. 
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3.4.4 Design the matrix Experiment and define the data Analysis 
procedure 
The next step is to design matrix experiment and define the data analysis 
procedure. First the appropriate orthogonal arrays for the noise and control 
parameter to fit a specific study are selected. Taguchi provides many 
standard orthogonal arrays and corresponding linear graphs for this purpose. 
After selecting the appropriate orthogonal arrays, a procedure to simulate the 
variation in the quality characteristic due to the noise factors need to be 
defined. A common approach is the use of monte-carlo simulation. However, 
for an accurate estimation of the mean and variance monte-carlo simulation 
require a large number of testing condition which can be expensive and time 
consuming. As an alternative Taguchi proposes orthogonal array based 
simulation to evaluate the mean and the variance of a product’s response 
resulting from variation in noise factors. With this approach, orthogonal arrays 
are used to sample the domain of noise factors. The diversity of noise factors 
are studied by crossing the orthogonal array of control factors by an 
orthogonal array of noise.  
3.4.5 Conduct the matrix experiment  
The next step is to conduct the matrix experiment and record the results. The 
Taguchi method can be used in any situation where there is a controllable 
process. The controllable processes can be an actual hardware experiment, 
system of mathematic equation, or computer models that can adequately 
model the response of many products and processes. 
3.4.6 Analyze the data and determine the optimum levels 
After the experiments have been conducted, the optimal test parameter 
configuration within the experiment design must be determined. To analyze 
the results, the Taguchi method uses statistical measure of performance 
called signal to noise (S/N) ratio borrowed from electrical control theory. 
The S/N ratio developed by Dr. Taguchi is performance measure to choose 
control levels that best cope with noise.  The S/N ratio takes both the mean 
and the variability into account. In its simplest form, the S/N ratio is the ratio of 
the mean (signal) to the standard deviation (noise). The S/N equation 
depends on the criterion for the quality characteristic to be optimized.  While 
there are many different possible S/N ratios, three of them are considered 
standard and are generally applicable in the situations. 
Taguchi has adopted consistency of performance as the generalized definition 
of quality.  To measure the performance of population’s test sample in terms 
of its consistency, a quality called mean-squared deviation (MSD) has been 
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defined.  If Y1, Y2, …, Yn data points(results), m is the target value of the 
result, n is number of repetitions and Y0 is the target value, its MSD can be 
calculated as: 
S/N = -10Log10 (MSD)      (3.17) 
Where MSD = Mean squared deviation from the target value of the quality 
characteristic. The mean squared deviation (MSD) is defined differently for 
each of the three quality characteristics considered, smaller, nominal or 
larger. 
For nominal is the best. 
MSD = ((y1-m) 2 + (y2-m) 2+ (y3-m) 2 + (y4-m) 2+…)/n  (3.18) 
For smaller is better. 
MSD = (y12+ y22+ y32+ y42+…)/n     (3.19) 
For larger is better. 
MSD = (1/y12+ 1/y22+ 1/y32+ 1/y42+…)/n    (3.20) 
 
3.4.7 Predict the performance at these levels 
Using the Taguchi method for parameter design, the predicted optimum 
setting need not correspond to one of the rows of the matrix experiment.  This 
often the case when highly fractioned designs are used. Therefore, as the 
final step, an experimental confirmation is run using the predicted optimum 
levels for the control parameters being studied. 
When we find the S/N ratio of particular output, graph can be plotted for 
various inputs.  The slope of that graph defines how that input affects the 
particular output.  At the same time delta and rank can be found out for the 
same.  Optimum conditions based on S/N ratio can be found out like if smaller 
is better option is required then minimum point from that graph is the optimum 
condition of that input for respective output. 
3.5 ANALYSIS OF VARIANCE CALCULATIONS 
The basic idea behind analysis of variance is to breakdown total variability of 
the experimental results into components of variance, and then assesses their 
significance. The significance of the variation components associated with 
factor effects is assessed by comparing them with the residual. The optimum 
level of these significant parameters has been found by examining the level 
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averages of the factors. The F-test is utilized for comparing variances for this 
purpose [104, 105]. 
The following formulas are used to prepare the ANOVA tables. Degree of 
freedom is written as d.f. The correction factor (CF) is calculated as follows: 
   (3.21) 
CF is used to correct the sum of all squared observations, i.e. ∑Yi2, in order to 
obtain the total sum of squares (SS) as 
        (3.22) 
The sum of squares (SSA) of individual parameters is calculated as follows: 
 
     (3.23) 
where A12, A22, …, Ak2 are the square of sum total of each level and 1,2, . . ., 
K are the levels and m is the number of observations in each level. The ratio 
of sum of squares (SSA) and degree of freedom (d.f.A) for factor A is called 
mean sum of squares for factor A (MSSA) and provides an estimate of the 
amount of variability in the experimental results. Degree of contribution of 
factor also can be calculated from sum of square value by division of total 
sum of square. 
F-ratio is used to compare the variance attributed to a particular factor effect 
with the variance attributed to randomness (the residual variance). This 
calculated values of F is to be compared with Fcritical which are available from 
the standard table of statisticians. If the calculated value of F is higher than 
critical value then respective factor is significant. 
        (3.24) 
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CHAPTER 4 
EXPERIMENTATION DETAILS 
 
4.1 MACHINE SPECIFICATION 
To perform the experiments machine of Sparkonix India Private Limited, 
which is a leading manufacturer and exporter of EDM machines in India since 
1968, is identified.  The specification of machine is as below: 
Table 4.1 Specification of EDM drilling machine 
Sr. Particular Specification 
1 Work Table 400 x 300mm 
2 X Travel 250mm 
3 Y Travel  150mm 
4 Z Travel 300mm 
5 Guide Travel Z2 200mm 
6 Electrode Pipe Dia. 0.3 to 3.0mm 
7 Max. Job Height 310mm 
8 Max. Drilling Depth 300mm 
9 Dielectric Fluid  Distilled/tap 
10 Current 25Amp (1A, 2A, 4A, 6A, 6A,6A) 
11  Pulse on time 1-10μs 
12 Pulse off time 1-10μs 
13 Voltage 0-100V (55V) 
14 Circuit Disintegrator 
15 Digital read out least count 1μ 
16 Gap capacitance 0-100 C (step of 10) 
17 Make Sparkonix India 
18 Model DSH III 
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Fig. 4.1 EDM drilling machine with rotary head 
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Fig. 4.2 EDM drilling machine’s controller 
4.2 EDM DRILLING MACHINE PARAMETERS 
There are so many parameters affecting the process of EDM drilling.  For 
sparkonix DSH III followings are the factors: 
• Peak current I Ampere(A) 
• Pulse on time Ton μs 
• Diameter D Mm 
• Hole depth Dt Mm 
• Pulse off time Toff Μs 
• Electrode rotation N Rpm 
• Flushing Pressure Pr. Kg/cm2 
• Voltage V Voltage(V) 
• Work Material -- -- 
• Electrode Material -- -- 
• Die electric Fluid -- -- 
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The approximate effect of factors affecting process has been reviewed in 
literature review chapter 2(section 2.4). Out of above eleven factors based on 
literature review four factors are selected for the further experimentation work.  
These factors are Peak current I (A), Pulse on time Ton (μs), Diameter D 
(mm) and Hole depth Dt (mm).  However it has been reviewed that these 
particular combination of four factors are never been studied for any of the 
material as per chapter 2(section 2.8). 
4.3 PRE EXPERIMENTATION WORK 
To study the Taguchi’s methodology pre-experimentation work has been 
carried out.  This pre-experimentation work has been carried out on grinding 
process.  As well to study the effect of EDM parameters on various outputs 
like MRR and SR; extensive study and experimentation has been done. 
4.3.1 Taguchi study on grinding process 
This experimentation work has been carried out on cylindrical grinding 
machine.  Three different factors viz. material, feed and depth of cut at three 
different levels were selected [106].  Taguchi’s L9 orthogonal array is utilised 
and experimentation work carried out.  It was concluded [106] that Taguchi’s 
robust design is suitable to optimise manufacturing process (grinding).  
Optimisation has been done by S/N ratio analysis and through ANOVA 
degree of contributions we found out. 
4.3.2 Pre-experimentation work on EDM 
This experimentation work has been carried out on simple ram EDM machine.  
Three different factors viz. current, material and pulse on time has been 
selected at three different levels [107].  Taguchi’s L9 orthogonal array is 
utilised and experimentation work carried out for copper electrode for watch 
case dial die.  It was concluded that current affecting the process at highest 
level then in sequence pulse on time and material affecting MRR.  However it 
was seen that for SR current affecting at highest level but in sequence; 
material and pulse on time affecting the SR [107].  
ANOVA has been performed for this experimentation work and optimisation of 
parameters is also done.  It was learnt from this experimentation that if 
material is taken as one of the input factor it is not possible to achieve 
empirical model since value of material can not be substitute.  In this case it 
becomes necessity to perform one way ANOVA i.e. one factor at a time.  If 
one factor at a time is analysed the basic Taguchi’s methodology is nullified.  
Hence it was decided not to take material as input factor directly.  However it 
is important parameter which can not be neglected and hence decided that 
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study must be carried out for various workpiece material so accurate results 
can be known. 
 
 
 
 
 
 
 
 
Fig. 4.3 Workpiece of experimentation work of EDM [107] 
It was also known fact that input parameters are not always having linear 
relationship with various output responses.  If three levels of factors are taken 
then through the graph it has been seen that linear relationship gives best 
curve fitting [107].  So in real time work it was finalised to take four levels at 
least for parameters. 
4.4 FAILED EXPERIMENTATION WORK 
4.4.1 EDM failed work 
As finalised in previous section to keep four levels for factors decided, further 
experimentation was done on EDM.  Here four factor four levels have been 
carried out.  The factors decided were current, pulse on time, pulse off time 
and depth of workpiece.  This experimentation work failed due to highly 
uneven MRR trend observed.  It was concluded that depth of workpiece must 
be at some threshold level then and then performance of output is 
measurable. Even it is well known fact that material removal is uneven up to 
certain front depth.  
4.4.2 EDM drilling failed work 
As previous article it was finalised to take four level-four factor for EDM drilling 
machine.  Hence four factors selected viz. current, flushing pressure, diameter 
and depth of hole. For this experimentation work L16 orthogonal array has 
been finalised. 
While conducting the experimentation work it was found that, though it was 
claimed by manufacturer that flushing pressure at variable is avail on 
machine, flushing pressure can not be varied.  The root cause is found out for 
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the same.  DSH-III machine has fixed delivery double acting reciprocating 
pump.  This pump supplies uniform amount of water to the hollow electrode.  
The supply can be varied based on valve available which has limitation of 
stroke length itself.   
Since constant delivery pump has limitation of quantity variation only and not 
the pressure variability. The experimentation work could not be carried out for 
the combination decided.  And it was finally decided to take up four input 
parameters viz. Current I (A), Pulse on time Ton (μs), Diameter D (mm) and 
Hole depth Dt (mm). 
4.5 LEVELS OF INPUT FACTORS 
4.5.1 Variable input parameters 
Based on the literature review, pre-experimentation work, failed 
experimentation work and machine control levels of input factors are finalised.  
These levels of input parameters are as per table 4.2 below: 
 Table 4.2 Levels of input control factors with units 
These levels are selected up to maximum range available in the machine.  
Current is available to vary maximum up to 25A.  However minimum is 2A, but 
carrying out the experimentation work at lowest level is not feasible and 
favourable.  Pulse on time is also available from 1μs to 10μs but to keep the 
on time at lowest level is not recommended by manufacturers.  Since it affects 
the time consume for experimentation and illogical to keep at minimum level.  
Diameter range is available from 0.3 to 3mm, to maintain uniformity in 
measurement output it was decided to start experimentation work with 1.5mm.  
The minimum probe size of the CMM available at the centre is 1mm and if 
diameter is kept below 1.5 mm dimensional output becomes infeasible.  Hole 
depth at minimum kept at 10mm because it has been observed, from 
experimentation of EDM as mentioned earlier, some minimum threshold level 
to be kept for depth. 
4.5.2 Constant input parameters-experimental conditions 
As describe in previous section four factors are taken as variable remaining all 
parameters are taken as constant. The most of the constant parameters are 
selected based on the recommendations of the manufacture. These factors 
Sr. Control Factors(Units) Level 1 Level 2 Level 3 Level 4
1 Current, I (Amp.) 10 15 20 25 
2 Pulse on time, Ton,( μs) 7 8 9 10 
3 Diameter, D (mm) 1.5 2 2.5 3 
4 Hole depth, Dt (mm) 10 15 20 25 
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are as shown in subsequent table 4.3 which are also said as experimental 
conditions. 
Table 4.3 Constant input control factors with units-experimental 
conditions 
Sr. Control Factors(Units) Value 
1 Pulse off time,  μs 7 
2 Electrode rotation,  rpm 30 
3 Flushing Pressure,  Kg/cm2 5 
4 Voltage, V 55 
5 Work Material H11, EN31 & Brass (Annexure A) 
6 Electrode Material Brass (Annexure B) 
7 Die electric Fluid Distilled Water 
4.6 MANPOWER AND SKILL REQUIREMENTS 
Typical EDM shop required operators, tool maker, foreman, programmer, 
designer, manufacturing engineer, application engineer and service engineer.  
All these human resource are divided with typical duties to perform.  However 
for small shop it becomes infeasible to employ such a huge workforce.  To 
operate the machine sharp knowledge of mathematics is required.  The other 
skills required are knowledge of measuring instruments, tool making process, 
operating process of respective machine parameters like current, on-off time, 
spark gap, flushing type, voltage, polarity, wear compensation etc. and work 
holding devices for job setting.  Above all one should not forget safety criteria 
to be followed.  In short any types of EDM whether it is ram EDM, wire cut 
EDM, EDM drilling but one must know ‘learn to burn’. 
4.7 WORK MATERIAL  
As mentioned in earlier section to perform experiments various materials are 
to be selected. Through the literature review and requirements of holes for 
various applications H11 (die steel), EN31 (bearing material) and Brass (non-
ferrous alloy). 
Table 4.4 Material properties [108] 
Sr. Property H11 Brass EN31 
1 Melting point(0 C) 1425 1025 1200 
2 Hardness(HRC) 24 12 16 
3 Density(gm/cm3) 7.77 8.75 7.85 
4 Thermal conductivity(W/m K) 24.6 159 46.6 
5 Specific heat(J/g 0C) 0.460 0.380 0.475 
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Table 4.5 Material chemical composition %wt analysis 
Sr. Composition H11 (%) Brass (%) EN31 (%) 
1 Carbon (C) 0.395 0.0016 1.21 
2 Silicon (Si) 0.926 -- 0.259 
3 Manganese (Mg) -- 0.00033 0.565 
4 Sulphur (S) 0.002 -- 0.0183 
5 Chromium (Cr) 5.25 0.206 1.31 
6 Nickel (Ni) 0.190 0.212 0.101 
7 Moly (Mo) 1.12 0.188 0.103 
8 Lead (Pb) 0.0045 3.78 -- 
9 Sn 0.0303 0.101 -- 
10 Ferrous(Fe) Balance 1.03 Balance 
11 Aluminium (Al) 0.0158 0.468 -- 
12 Copper (Cu) 0.150 54.6 -- 
Results are based on spectro machine analysis and test certificates as 
Annexure A 
The various properties of all these steels are mentioned in table 4.4.  The 
chemical composition of all these materials are measured with the help of 
spectrometer and through this analysis composition is mentioned in table 4.5. 
4.8 EXPERIMENTATATION PLAN 
The fractional factorial method developed by Taguchi is a technique that 
allows a process to yield most information using relatively few experiments 
when there are a large number of input variables [10]. For this experimental 
work, four input process parameters (also called factors) were chosen based 
on extensive literature survey. Four levels of each parameter were taken 
because nonlinear behaviour of a process parameter can only be studied if 
more than two levels are used as mentioned earlier. Out of the standard 
orthogonal arrays available in Taguchi design, L16 orthogonal array can 
accommodate four levels of up to four parameters, so it was selected for this 
work [10]. The array before assignment of values to its various columns is 
shown in Table 4.6. Each row of the orthogonal array represents the set of 
level values of input process parameters with which a particular experiment is 
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to be conducted. Thus, a total of sixteen experiments are required for one 
phase of a study.  
Table 4.6 Taguchi’s L16 orthogonal array for four factor-four level 
 
 
 
 
 
 
 
 
 
 
 
 
 
By putting up the values in this table for various levels of parameters it 
becomes final table for experimentation (Table 4.7).  However the first column 
of the table is serial no. and not the sequence of experimentation. This 
confusion lies in many researchers back of the mind.  However Taguchi has 
recommended performing experiments of various levels for different 
parameters not in sequence. 
4.9 PREPARATION OF WORKPIECE 
As mentioned above depth of the hole is taken as one of the input variable 
parameter, there are two ways of generating the variable depth either on 
separate workpiece or on the same piece.  If we utilise different workpiece of 
various thicknesses it becomes very difficult to maintain repeatability of 
dimension of workpiece and hence the holes.  Even setting becomes tedious 
job for different workpiece.  Hence it was decided to generate variable 
thicknesses on the same workpiece.  Rectangular blocks of H11, EN31 & 
Brass are purchased. 
 
Sr. Current 
Pulse on 
time Diameter Depth 
1 1 1 1 1 
2 1 2 2 2 
3 1 3 3 3 
4 1 4 4 4 
5 2 1 2 3 
6 2 2 1 4 
7 2 3 4 1 
8 2 4 3 2 
9 3 1 3 4 
10 3 2 4 3 
11 3 3 1 2 
12 3 4 2 1 
13 4 1 4 2 
14 4 2 3 1 
15 4 3 2 4 
16 4 4 1 3 
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Table 4.7 Taguchi’s L16 orthogonal array with values of levels 
Sr. 
Current 
I(amp) 
Pulse on 
time Ton(μs)
Diameter 
D(mm) 
Hole Depth 
Dt(mm) 
1 10 7 1.5 10 
2 10 8 2 15 
3 10 9 2.5 20 
4 10 10 3 25 
5 15 7 2 20 
6 15 8 1.5 25 
7 15 9 3 10 
8 15 10 2.5 15 
9 20 7 2.5 25 
10 20 8 3 20 
11 20 9 1.5 15 
12 20 10 2 10 
13 25 7 3 15 
14 25 8 2.5 10 
15 25 9 2 25 
16 25 10 1.5 20 
 
Fig. 4.4 schematic of workpiece for shaping 
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Shaping operation is performed on the rectangular blocks for getting shape 
(fig.4.4) with variable thickness on the same workpiece. However dimensional 
characteristics of the holes needed to be measured workpiece manufacturing 
must be accurate in its own dimension viz. size, flatness, perpendicularity etc. 
To maintain these characteristics surface grinding operation is done on 
shaped workpiece as shown in the fig. 4.5. 
 
Fig. 4.5 grinding operation to prepare final workpiece 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.6 Prepared workpiece for experimentation of EN-31 
69 
 
Fig. 4.6 shown is the prepared workpiece of EN-31 material for 
experimentation after grinding operation. 
4.10 MEASURING INSTRUMENTS USED 
There are two kinds of outputs to be measured first process measuring 
outputs (MRR, SR and EWR) and second dimensional characteristic outputs 
(Circularity, Cylindricity, Deflection, Taper) along with change in hardness. 
For measuring and calculating above outputs some instruments are used. 
Measuring instruments used are stop watch, weighing scale (0-1000g, 0.01g), 
surface roughness tester (Mitutoyo SJ 400), Digital read out (DRO) 
(Innovative, 14PDX), Vernier calliper (Mitutoyo, 0-50mm), Micrometer 
(Mitutoyo, 0-25mm), Dial gauge (Mitutoyo, LC 0.001mm), Coordinate 
measuring machine (Mitutoyou, Crysta C), Hardness tester (Fine), 
Spectrometer (Spectro Lab). 
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CHAPTER 5 
EXPERIMENTAL INVESTIGATIONS 
 
5.1 EXPERIMENT RUN ORDER 
It has been recommended by Taguchi not to perform experiment in sequence 
of orthogonal array [10]. To perform experiments it is important to decide the 
sequence of experimentation since every time we select the particular 
orthogonal array, methodology suggests same sequence and there is 
probability that bias remain in the system of experimentation. To remove this 
bias proper run order is selected based on the random numbers which are 
selected from the ‘Table 1 random digits’ as per Annexure C. The selected 
random numbers are tabulated in table 5.1 as additional column of L16 
orthogonal array. 
Table 5.1 Taguchi’s L16 orthogonal array with random numbers 
Sr. I(amp) Ton(μs) D(mm) Dt(mm) Random nos. 
1 10 7 1.5 10 15 
2 10 8 2 15 8 
3 10 9 2.5 20 16 
4 10 10 3 25 3 
5 15 7 2 20 11 
6 15 8 1.5 25 2 
7 15 9 3 10 12 
8 15 10 2.5 15 4 
9 20 7 2.5 25 9 
10 20 8 3 20 7 
11 20 9 1.5 15 1 
12 20 10 2 10 5 
13 25 7 3 15 10 
14 25 8 2.5 10 14 
15 25 9 2 25 6 
16 25 10 1.5 20 13 
This random numbers are drawn as last two digits of column of the table 
1(Annexure C).  From 1 to 16 numbers are drawn and written in sequence as 
last column of the table 5.1.  Based on this, sequence of experimentation is 
decided as mentioned in table 5.2.  For e.g. set up against random number 1 
is to be performed first i.e. sr. No. 11. 
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Table 5.2 Taguchi’s L16 orthogonal array with sequence of experiments 
 
This sequence to be followed to perform experiments for H11, Brass & EN-31 
so that results can be compared. 
5.2 SETTING OF THE WORKPIECE ON MACHINE 
Workpiece is held in between the jaws of the universal vice which is mounted 
on the table of the machine.  This universal vice adjusts the workpiece in 
lateral and longitudinal direction. To achieve proper dimensional 
characteristics output mounting is properly done to zero-zero level.  There are 
some simple steps followed for setting of the job which are described as 
follows (fig. 5.1): 
• Mount the workpiece on the universal vice. 
• Visually check the flatness of the job and fit in between the jaws 
properly. 
• Mount the spherical joint magnetic stand dial gauge on the ram of the 
machine. 
• Adjust the probe of the dial to touch on one of the step face of the 
workpiece. 
Original Seq. I(amp) Ton(μs) D(mm) Dt(mm) Random nos. 
11 20 9 1.5 15 1 
6 15 8 1.5 25 2 
4 10 10 3 25 3 
8 15 10 2.5 15 4 
12 20 10 2 10 5 
15 25 9 2 25 6 
10 20 8 3 20 7 
2 10 8 2 15 8 
9 20 7 2.5 25 9 
13 25 7 3 15 10 
5 15 7 2 20 11 
7 15 9 3 10 12 
16 25 10 1.5 20 13 
14 25 8 2.5 10 14 
1 10 7 1.5 10 15 
3 10 9 2.5 20 16 
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• Move the table in +X / -X direction for the adjustment of the flatness of 
the workpiece. 
• Adjust the flatness (perpendicular with respect to ram of the machine) 
of the workpiece by hammering on universal chuck with nylon hammer.  
Continue throughing the workpiece till dial shows no movement or zero 
movement. 
• Adjust the probe of the dial to touch on perpendicular face (parallel to 
ram) of the workpiece. 
• Move the table in +Y / -Y direction for the adjustment of the 
perpendicularity of the workpiece. 
• Adjust the perpendicularity (parallel with respect to ram of the machine) 
of the workpiece by hammering on universal chuck with nylon hammer.  
Continue throughing the workpiece till dial shows no movement or zero 
movement. 
•  Repeat the above two step for z direction also. 
• After dialling the job in all direction ensure the proper bolting. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.1 Setting of the workpiece of H11, Brass & EN31 
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5.3 MOUNTING OF THE ELECTRODE ON MACHINE 
Hollow Electrode of brass material is selected to perform experiments. Drill 
diameter is one of the input variable parameter hence as per the requirement 
of the sequence of experiment select the proper electrode diameter (fig. 5.2a). 
Steps for the mounting of electrode on the machine is described as follows: 
• Choose the corresponding guides for respective electrode which are 
generally made up of wood (fig. 5.2 b).   
• Mount the guide on the electrode (fig. 5.3 a) 
• Fix the electrode on the drill jig (fig. 5.3 b). This assembly of guide and 
electrode is put up on the guide way of the machine which actually 
minimises the deflection of the electrode movement.  
• Electrode from one end is fixed inside the drill jig of the machine on 
rotating head and also passes through the guide from other end. Which 
means electrode is totally fixed from one end, guided from other end 
and little overhang over the guide (fig. 5.3 c).  
• Check visually the run out of spindle rotation and if needed adjust by 
hammering on either side of drill jig through trial and error method. 
 
(a) 
 
 
 
 
 
 
 
(b) 
 Fig. 5.2 (a) Electrodes of various diameter (b) Different guides 
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(a) 
 (b)     (c) 
5.3 (a) Electrode guide assembly, (b) Mounting of assembly on jig, (c) 
Mounting of electrode, guide and jig on machine. 
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5.4 SETTING ON MACHINE 
5.4.1 Setting of the input parameters 
As mentioned in previous sections there are four parameters taken as input 
variable for experimentation work. Before starting of the each experiment it is 
necessary to set the input parameters. 
5.4.1.1 Current setting 
Current (I) setting is done through the different switches available on the 
control panel of the machine.  The various switches available on the control 
panel of the machine are 1A, 2A, 4A, 6A, 6A and 6A.  As per the requirement 
of the experiment different combination of switches are utilised. Various 
current inputs selected are 10A, 15A, 20A and 25A. 
5.4.1.2 Pulse on time 
Pulse on time (Ton) setting is also done through the knob available on the 
control panel of the machine. The various setting available on the control 
panel of the machine is in the step of 1μs from 1μs to 10μs.  As per the 
requirement of the experiment knob setting is utilised. Various pulse on time 
inputs selected are 7μs, 8μs, 9μs and 10μs. 
5.4.1.3 Diameter 
Diameter (D) setting is done through the appropriate selection of the 
electrode. Mounting of the electrode is described in previous section.  Various 
diameter inputs selected are 1.5mm, 2mm, 2.5mm and 3mm.  After every 
experiment use the fresh electrode side or fresh electrode. 
5.4.1.3 Depth 
Depth (Dt) setting is done right in the workpiece preparation. Variable 
thickness of the workpiece defines the depth of the hole. Create a through 
hole in appropriate thickness of the workpiece to get exact depth. Various 
depth of hole inputs selected are 10mm, 15mm, 20mm and 25mm. 
5.4.2 Other settings 
After mounting of workpiece and electrode as described in previous sections 
there are some other settings need to be done. Set the electrode centre 3mm 
away from the stepped face and 6mm away from vertical outside face to 
maintain the uniformity on the required thickness. This setting is done by 
finding the centre of the electrode utilising the Digital read out (DRO) installed 
on the machine.  This setting is also done to avoid any ambiguity regarding 
temperature gradient of material. By maintaining uniformity of distance and 
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centre of hole it becomes easier to cut workpiece for measurement during 
EDM wire cutting at the later stage.  After maintaining the centre of location of 
hole reset DRO reading as 0, 0, 0 for x, y, z at the touch of the electrode and 
workpiece. Now set up is ready for experimentation work. 
5.5 CONDUCTION OF EXPERIMENTATION  
After mounting of workpiece of respective material, electrode of respective 
diameter and machine setting experimentation work can be started. 
5.5.1 Assumptions of Experimentation 
1. Throughout the experimentation input power supply is constant. 
2. The vertical travel of ram of the machine is straight. 
3. Fluctuation in the input current supply is neglected. 
4. Spindle run out is zero. 
5. Throughout the experimentation uniform flushing pressure and electrode 
rotation is applied. 
6. Effects of variation of environmental effects are not considered. 
7. Throughout the experimentation all input parameters are as per 
specification. 
8. Setting of workpiece and electrode is uniform for all experiments. 
9. Dimensional, chemical, mechanical, metallurgical, thermal, electrical 
properties for respective electrodes and workpieces are uniform.  
5.5.2 Experimentation on H11 material 
Set the workpiece of H11 material on the machine.  Also set the required 
electrode diameter on the machine. Set the current and pulse on time as per 
requirements and start the machine sparking to create hole. 
Hole No. Picture  Parameter settings 
Hole 1 I = 20A, Ton = 9μs, D = 1.5mm and Dt = 15mm 
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Hole 2 I = 15A, Ton = 8μs, D = 1.5mm and Dt = 25mm 
Hole 3 I = 10A, Ton = 10μs, D = 3mm and Dt = 25mm 
Hole 4 I = 15A, Ton = 10μs, D = 2.5mm and Dt = 15mm 
Hole 5 I = 20A, Ton = 10μs, D = 2mm and Dt = 10mm 
Hole 6 I = 25A, Ton = 9μs, D = 2mm and Dt = 25mm 
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Hole 7 I = 20A, Ton = 8μs, D = 3mm and Dt = 20mm 
Hole 8 I = 10A, Ton = 9μs, D = 2mm and Dt = 15mm 
Hole 9 I = 20A, Ton = 7μs, D = 2.5mm and Dt = 25mm 
Hole 10 I = 25A, Ton = 7μs, D = 3mm and Dt = 15mm 
Hole 11 I = 15A, Ton = 7μs, D = 2mm and Dt = 20mm 
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Hole 12 I = 15A, Ton = 9μs, D = 3mm and Dt = 10mm 
Hole 13 I = 25A, Ton = 10μs, D = 1.5mm and Dt = 20mm 
Hole 14 I = 25A, Ton = 8μs, D = 2.5mm and Dt = 10mm 
Hole15 I = 10A, Ton = 7μs, D = 1.5mm and Dt = 10mm 
Hole 16 I = 10A, Ton = 9μs, D = 2.5mm and Dt = 20mm 
Fig. 5.4 Pictures of 1-16 holes at respective parameter settings on H11 
Fig 5.4 shows manufacturing of 16 holes at different settings while fig. 5.5 shows 
manufactured 16 holes on H11 material.  Here for creating each hole either new 
side or totally new rotary tube electrode is utilised so that measurement of 
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electrode wear remain uniform for every hole. 
 
Fig. 5.5 Final 16 holes on H11 at different settings 
5.5.3 Experimentation on Brass material 
Hole No. Picture  Parameter settings 
Hole 1 I = 20A, Ton = 9μs, D = 1.5mm and Dt = 15mm 
Hole 2 I = 15A, Ton = 8μs, D = 1.5mm and Dt = 25mm 
Hole 3 
I = 10A, Ton = 10μs, D = 
3mm and Dt = 25mm 
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Hole 4 I = 15A, Ton = 10μs, D = 2.5mm and Dt = 15mm 
Hole 5 I = 20A, Ton = 10μs, D = 2mm and Dt = 10mm 
Hole 6 I = 25A, Ton = 9μs, D = 2mm and Dt = 25mm 
Hole 7 I = 20A, Ton = 8μs, D = 3mm and Dt = 20mm 
Hole 8 I = 10A, Ton = 9μs, D = 2mm and Dt = 15mm 
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Hole 9 I = 20A, Ton = 7μs, D = 2.5mm and Dt = 25mm 
Hole 10 I = 25A, Ton = 7μs, D = 3mm and Dt = 15mm 
Hole 11 I = 15A, Ton = 7μs, D = 2mm and Dt = 20mm 
Hole 12 I = 15A, Ton = 9μs, D = 3mm and Dt = 10mm 
Hole 13 I = 25A, Ton = 10μs, D = 1.5mm and Dt = 20mm 
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Hole 14 I = 25A, Ton = 8μs, D = 2.5mm and Dt = 10mm 
Hole15 I = 10A, Ton = 7μs, D = 1.5mm and Dt = 10mm 
Hole 16 I = 10A, Ton = 9μs, D = 2.5mm and Dt = 20mm 
Fig. 5.6 Pictures of 1-16 holes at respective parameter settings on Brass 
Set the workpiece of Brass material on the machine.  Fig 5.6 shows 
manufacturing of 16 holes at different settings while fig. 5.7 shows 
manufactured 16 holes on Brass material. 
 
 
 
 
 
 
 
 
Fig. 5.7 Final 16 holes on Brass at different settings 
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5.5.4 Experimentation on EN31 material 
Hole No. Picture  Parameter settings 
Hole 1 I = 20A, Ton = 9μs, D = 1.5mm and Dt = 15mm 
Hole 2 I = 15A, Ton = 8μs, D = 1.5mm and Dt = 25mm 
Hole 3 I = 10A, Ton = 10μs, D = 3mm and Dt = 25mm 
Hole 4 I = 15A, Ton = 10μs, D = 2.5mm and Dt = 15mm 
Hole 5 I = 20A, Ton = 10μs, D = 2mm and Dt = 10mm 
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Hole 6 I = 25A, Ton = 9μs, D = 2mm and Dt = 25mm 
Hole 7 I = 20A, Ton = 8μs, D = 3mm and Dt = 20mm 
Hole 8 I = 10A, Ton = 9μs, D = 2mm and Dt = 15mm 
Hole 9 I = 20A, Ton = 7μs, D = 2.5mm and Dt = 25mm 
Hole 10 I = 25A, Ton = 7μs, D = 3mm and Dt = 15mm 
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Hole 11 I = 15A, Ton = 7μs, D = 2mm and Dt = 20mm 
Hole 12 I = 15A, Ton = 9μs, D = 3mm and Dt = 10mm 
Hole 13 I = 25A, Ton = 10μs, D = 1.5mm and Dt = 20mm 
Hole 14 I = 25A, Ton = 8μs, D = 2.5mm and Dt = 10mm 
Hole15 I = 10A, Ton = 7μs, D = 1.5mm and Dt = 10mm 
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Hole 16 I = 10A, Ton = 9μs, D = 2.5mm and Dt = 20mm 
Fig. 5.8 Pictures of 1-16 hole at respective parameter settings on EN31 
Set the workpiece of EN31 material on the machine.  Fig 5.8 shows 
manufacturing of 16 holes at different settings while fig. 5.9 shows 
manufactured 16 holes on EN31 material. 
5.6 MEASUREMENTS AND CALCULATIONS 
As describe in previous chapters there are two kinds of outputs to be 
measured first process measuring outputs (MRR, SR and EWR) and second 
dimensional characteristic outputs (Circularity, Cylindricity, Deflection, Taper) 
along with change in hardness. 
5.6.1 Measurement and calculation of MRR 
Metal removal rate is calculated (mm3/min) for each cutting condition, by 
measuring the average amount of material removed and the machining time 
by using the following equation:  
 
 
 
 
 
 
 
 
 
 
Fig. 5.9 Final 16 holes on EN31 at different settings 
MRR (mm3/min) =   Reduction in weight of workpiece (g)          (5.1) 
          Density of workpiece (gm/mm3) x Machining time (min) 
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Reduction in weight of the workpiece is calculated by obtaining weight 
difference of workpiece, before and after machining using weighing scale. 
Standard values of density of all three materials are available. Machining time 
is actual time measured for every experiment with the help of stopwatch. 
5.6.2 Measurement of SR 
The surface roughness measurement was not possible here since the 
diameter of the hole are smaller than the probe size of profilometer. Hence it 
was decided to cut the workpiece. The cutting of the workpiece is done on 
CNC EDM wire cut machine (fig. 5.11).  For cutting of the workpiece also 
mounting and setting of the workpiece (dialling) needed to be done (fig. 5.10). 
The process of cutting is done from the centre of the holes. Here centre 
maintenance of hole of 3mm and 6mm form surface is utilised. 
 
 
Fig. 5.10 Setting of workpiece on Wire EDM machine 
 
Fig. 5.11 Cutting of workpiece on Wire EDM machine 
The surface roughness is represented by the centre line average (Ra) method 
in μm. A diamond conical stylus is used to measure the surface roughness. 
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Measurements have been taken with the stylus movement speed of 0.5mm/s 
over cut-off length of 2.4mm (fig. 5.12). 
   
Fig. 5.12 Actual measurement of SR (Ra) on profilometer 
5.6.3 Measurement and calculation of EWR 
Electrode wear ratio (EWR) is a measurement of actual wear of electrode for 
particular hole. EWR is calculated with eqn. 5. 2. 
 
EWR (%) = (Electrode movement in Z dir. – Depth of hole) x 100 (5.2) 
    Depth of hole     
We have seen in other settings section (5.4.2) previously that before starting 
of experiments coordinates are made zero. With the use of inbuilt DRO (fig. 
5.13) in the machine electrode movement in Z direction is measured at the 
end of experimentation. Depth of the hole to be produced is predefined in 
work material itself as discussed earlier. 
 
Fig. 5.13 Actual measurement of Electrode movement in Z dir. on DRO 
5.6.4 Measurements and calculations of dimensional characteristics 
Measurement of dimensional characteristics viz. circularity and cylindricity are 
done with the help of coordinate measuring machine (cmm) of Mitutoyo 
Crysta C.   
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The calculation of hole deflection is to be done. Measure the position of hole 
in x and y at the bottom surface (by taking reference of top surface) with the 
help of cmm (fig. 5.14). The calculation of deflection is done by applying 
simple Pythagorean theorem to the values of position of hole in x and y.  
 
Fig. 5.14 Actual measurement on coordinate measuring machine 
The calculation of taper of the hole is done by finding out the hole diameter at 
the top surface and at the bottom surface with the help of cmm.  The 
difference of diameter is calculated and over the different thickness hole taper 
is calculated by the following eqn. 5.3. 
Hole taper = tan-1(Hole dia. at top – Hole dia. at bottom)  (5.3) 
    Depth of hole 
 
5.6.5 Measurement of change in hardness 
As described in previous section (5.6.2) that workpiece is cut with the Wire 
EDM process that utilise here for the measurement of the hardness also. The 
cut section of workpiece opens the hole almost in half and hardness of that 
opened hole is measured with the help of hardness testing machine as shown 
in fig. 5.15. 
 
 
 
 
 
 
Fig. 5.15 Actual measurement of Hardness at hole cut section 
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5.7 RESULTS 
5.7.1 Results for H11 material 
After conduction of experiments as per requirements responses are measured 
(Annexure D). Accordingly calculations are done and results are arranged in 
the tabulated form. Table 5.3 shows results for the H11 material of process 
performance outputs. 
Table 5.3 Process measurement outputs for H11 material 
Sr. I Ton D Dt MRR SR EWR 
1 10 7 1.5 10 2.4442 2.61 65.00 
2 10 8 2 15 3.0344 3.09 46.67 
3 10 9 2.5 20 3.1396 3.14 40.00 
4 10 10 3 25 6.0768 2.48 24.00 
5 15 7 2 20 3.7400 2.79 67.50 
6 15 8 1.5 25 4.9252 3.71 92.00 
7 15 9 3 10 13.3369 3.02 55.00 
8 15 10 2.5 15 12.1704 5.06 73.33 
9 20 7 2.5 25 9.8175 3.55 52.00 
10 20 8 3 20 25.4724 4.01 50.00 
11 20 9 1.5 15 4.9087 3.86 86.67 
12 20 10 2 10 11.2200 3.09 55.00 
13 25 7 3 15 31.3695 4.01 56.67 
14 25 8 2.5 10 14.2282 3.27 100.00 
15 25 9 2 25 8.0389 6.6 44.00 
16 25 10 1.5 20 7.6335 5.4 70.00 
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Table 5.4 shows the dimensional characteristics like deflection, circularity, 
cylindricity and hole taper along with hardness difference for H11 material. 
Table 5.4 Dimensional characteristic and I.H. outputs for H11 material 
Sr. I Ton D Dt Def. Cir. Cyl. Taper I. H. 
1 10 7 1.5 10 0.0341 0.019 0.014 0.155 34 
2 10 8 2 15 0.0265 0.005 0.01 0.13 34 
3 10 9 2.5 20 0.0081 0.014 0.014 0.026 37 
4 10 10 3 25 0.0057 0.003 0.014 0.03 25 
5 15 7 2 20 0.02 0.004 0.007 0.0086 35 
6 15 8 1.5 25 0.031 0.015 0.016 0.009 38 
7 15 9 3 10 0.028 0.007 0.017 0.0229 34 
8 15 10 2.5 15 0.053 0.007 0.008 0.0115 30 
9 20 7 2.5 25 0.021 0.01 0.015 0.0275 26 
10 20 8 3 20 0.0184 0.002 0.009 0.0201 35 
11 20 9 1.5 15 0.0136 0.016 0.012 0.149 40 
12 20 10 2 10 0.0158 0.007 0.02 0.768 38 
13 25 7 3 15 0.0092 0.027 0.048 0.122 25 
14 25 8 2.5 10 0.0396 0.003 0.015 0.0115 26 
15 25 9 2 25 0.0106 0.008 0.025 0.0275 30 
16 25 10 1.5 20 0.0117 0.022 0.006 0.1117 41 
Here def. is defection measured in mm, cir. is circularity measured in mm, cyl. 
is cylindricity measured in mm, taper is hole taper measured in ˚ (degree) and 
I.H. is hardness difference of before and after the experiment measured in 
HRC. 
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5.7.2 Results for Brass material 
After conduction of experiments as per requirements responses are measured 
(Annexure E). Accordingly calculations are done and results are arranged in 
the tabulated form. Table 5.5 shows results for the Brass material of process 
performance outputs. 
Table 5.5 Process measurement outputs for Brass material 
Sr. I Ton D Dt MRR SR EWR 
1 10 7 1.5 10 12.3577 2.44 65 
2 10 8 2 15 4.9448 2.95 53.33 
3 10 9 2.5 20 6.3054 2.91 35 
4 10 10 3 25 9.4348 4.36 46 
5 15 7 2 20 13.3685 4.26 72.50 
6 15 8 1.5 25 24.9597 2.06 108 
7 15 9 3 10 10.7917 2.69 45 
8 15 10 2.5 15 14.6675 3.19 43.33 
9 20 7 2.5 25 18.4539 5.42 64 
10 20 8 3 20 17.4533 3.67 55 
11 20 9 1.5 15 25.7351 3.6 86.67 
12 20 10 2 10 36.9599 4.27 70 
13 25 7 3 15 19.5265 3.72 33.33 
14 25 8 2.5 10 37.7595 5.34 40 
15 25 9 2 25 36.1935 6.4 80 
16 25 10 1.5 20 35.3429 3.52 147.5 
Table 5.6 shows the dimensional characteristics like deflection, circularity, 
cylindricity and hole taper along with hardness difference for Brass material. 
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Table 5.6 Dimensional characteristic and I.H. outputs for Brass material 
Sr. I Ton D Dt Def. Cir. Cyl. Taper I.H. 
1 10 7 1.5 10 0.0320 0.006 0.018 0.8995 37 
2 10 8 2 15 0.1142 0.021 0.083 0.4889 22 
3 10 9 2.5 20 0.0853 0.007 0.069 0.3151 35 
4 10 10 3 25 0.1610 0.008 0.164 0.4859 23 
5 15 7 2 20 0.1988 0.028 0.109 0.593 30 
6 15 8 1.5 25 0.1524 0.009 0.076 0.3965 38 
7 15 9 3 10 0.0603 0.078 0.054 0.6188 33 
8 15 10 2.5 15 0.0864 0.093 0.055 0.4736 30 
9 20 7 2.5 25 0.1599 0.037 0.116 0.3827 15 
10 20 8 3 20 0.1832 0.034 0.115 0.5156 31 
11 20 9 1.5 15 0.0966 0.119 0.07 0.802 15 
12 20 10 2 10 0.0975 0.009 0.097 0.5615 25 
13 25 7 3 15 0.1234 0.025 0.088 0.9281 36 
14 25 8 2.5 10 0.1276 0.02 0.122 1.4035 26 
15 25 9 2 25 0.2038 0.031 0.094 0.8113 20 
16 25 10 1.5 20 0.1477 0.02 0.091 0.316 25 
5.7.3 Results for EN31 material 
After conduction of experiments as per requirements responses are measured 
(Annexure F). Accordingly calculations are done and results are arranged in 
the tabulated form. Table 5.7 shows results for the EN31 material of process 
performance outputs. 
 
 
 95 
 
Table 5.7 Process measurement outputs for EN31 material 
Sr. I Ton D Dt MRR SR EWR 
1 10 7 1.5 10 4.7124 3.16 45 
2 10 8 2 15 2.8100 3.2 36.67 
3 10 9 2.5 20 3.8850 5.01 30 
4 10 10 3 25 6.5644 4.06 26 
5 15 7 2 20 6.8295 4.59 67.5 
6 15 8 1.5 25 18.1805 3.5 80 
7 15 9 3 10 9.0046 3.65 35 
8 15 10 2.5 15 10.1281 3.2 36.67 
9 20 7 2.5 25 19.6350 6.1 62 
10 20 8 3 20 19.6350 4.95 55 
11 20 9 1.5 15 20.8718 3.19 113.33 
12 20 10 2 10 20.2683 3.17 60 
13 25 7 3 15 22.7042 5.45 60 
14 25 8 2.5 10 28.3742 4.71 55 
15 25 9 2 25 24.9333 3.26 84 
16 25 10 1.5 20 23.5619 4.29 140 
Table 5.8 shows the dimensional characteristics like deflection, circularity, 
cylindricity and hole taper along with hardness difference for EN31 material. 
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Table 5.8 Dimensional characteristic and I.H. outputs for EN31 material 
Sr. I Ton D Dt Def. Cir. Cyl. Taper I.H. 
1 10 7 1.5 10 0.0082 0.002 0.023 0.3667 29 
2 10 8 2 15 0.0220 0.003 0.028 0.1681 43 
3 10 9 2.5 20 0.0081 0.027 0.015 0.0258 39 
4 10 10 3 25 0.0244 0.002 0.011 0.0963 50 
5 15 7 2 20 0.0085 0.01 0.01 0.0258 23 
6 15 8 1.5 25 0.0086 0.016 0.014 0.016 32 
7 15 9 3 10 0.0085 0.036 0.025 0.2063 15 
8 15 10 2.5 15 0.0156 0.017 0.02 0.0076 21 
9 20 7 2.5 25 0.0120 0.021 0.02 0.0527 46 
10 20 8 3 20 0.0120 0.017 0.044 0.0315 20 
11 20 9 1.5 15 0.0122 0.006 0.028 0.0153 29 
12 20 10 2 10 0.0126 0.018 0.01 0.0286 32 
13 25 7 3 15 0.0314 0.028 0.022 0.344 36 
14 25 8 2.5 10 0.0250 0.002 0.041 0.0401 36 
15 25 9 2 25 0.0803 0.003 0.015 0.0619 21 
16 25 10 1.5 20 0.0224 0.009 0.025 0.0745 37 
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CHAPTER 6 
DATA ANALYSIS 
 
6.1 INTRODUCTION OF MINITAB 
For the various analysis purposes Minitab statistical software is identified. 
Minitab ver. 15.1 is used because of its user friendliness. This software is 
available with Minitab worksheet which is similar to the Excel worksheet in 
tabulated form. It can save the data in worksheet, graph format and project 
form. It can create Taguchi design as per our level and factor selection. Once 
results are put up in the worksheet then analysis of Taguchi design can be 
performed. In this analysis signal to noise ratio is tabulated, factors are given 
rank based on delta value and main effects plots are extracted. This would be 
utilised for optimisation purpose. This software can predict the signal to noise 
ratio for comparison purpose. It also can perform regression analysis and 
analysis of variance (anova). 
There are some other statistical softwares available like SAS, SPSS, R, S-
plus etc. Out of these softwares Minitab 15 is selected because of its wide 
acceptance among researchers, user friendliness and easy availability. 
6.2 ANALYSIS FOR H11 MATERIAL 
6.2.1 Taguchi’s analysis for MRR 
Fig. 6.1 Main effects plot for S/N ratio for MRR of H11 material 
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A main effects plot is a plot of the means at each level of a factor. One can 
use these plots to compare the magnitudes of the various main effects and 
compare the relative strength of the effects across factors. However it is 
important to be sure to evaluate significance by looking at the effects in the 
analysis of variable table. 
Fig. 6.2 Interaction plots for S/N ratio for MRR of H11 material 
Fig. 6.1 shows main effects plot for S/N ratio for MRR vs. all input factors and 
Fig. 6.2 represents interaction plot of MRR.  Since it is always desirable to 
maximise the MRR larger is better option is selected. From the above graph it 
can be seen that highest MRR is achieved at current of 25A, diameter of 
3mm, pulse on time of 10μs and 10mm depth. 
Table 6.1 Response Table for S/N Ratios for MRR of H11 material 
 
 
 
 
 
Table 6.1 shows response table for signal to noise ratio for MRR of H11 
material. This response table represents the effects of various input factors on 
MRR. Higher the slope in the main effects plot corresponding values of delta 
is higher in the response table. The rank represents directly the level of effect 
Level I Ton D Dt 
1 10.75 17.25 13.27 18.58 
2 17.38 18.67 15.05 18.77 
3 20.7 16.09 18.64 16.79 
4 22.19 19.01 24.06 16.87 
Delta 11.43 2.92 10.79 1.98 
Rank 1 3 2 4 
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of input based on the values of delta. Here according to ranks, the effects of 
various input factors on MRR in sequence of its effect are current, diameter, 
pulse on time and depth. That means current affects the MRR at highest level 
and depth at lowest level. However the effect of diameter needed to be seen 
since the value of delta is nearer to the corresponding value of current. 
Table 6.2 shows the values of signal to noise ratio (SNRA) and Predicted 
signal to noise ratio (PSNRA) for MRR of H11 material. The values of 
predicted signal to noise is very much close to the calculated signal to noise 
values hence the analysis of Taguchi for signal to noise ratio is correct. The 
representation of effects of various parameters on MRR and optimise 
condition is very much nearby. 
Fig. 6.3 represents time scale plot of signal to noise ratio and predicted signal 
to noise ratio. This plot is shown for graphical representation of various values 
in sequence. 
Table 6.2 S/N ratio and Predicted S/N ratio for MRR of H11 
I Ton D Dt SNRA PSNRA 
10 7 1.5 10 7.76 6.59 
10 8 2 15 9.64 9.98 
10 9 2.5 20 9.93 9.01 
10 10 3 25 15.67 17.42 
15 7 2 20 11.45 13.20 
15 8 1.5 25 13.84 12.92 
15 9 3 10 22.50 22.84 
15 10 2.5 15 21.70 20.53 
20 7 2.5 25 19.84 20.18 
20 8 3 20 28.12 26.95 
20 9 1.5 15 13.81 15.57 
20 10 2 10 21 20.07 
25 7 3 15 29.93 29.00 
25 8 2.5 10 23.06 24.81 
25 9 2 25 18.10 16.93 
25 10 1.5 20 17.65 17.99 
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Fig. 6.3 Time scale graph for MRR (H11) for SNRA and PSNRA 
6.2.2 Analysis of Variance (ANOVA) for MRR 
Table 6.3 ANOVA for MRR (H11) 
Source DF Seq SS Adj SS Adj MS F P Remarks
I 3 314.12 314.12 104.71 3.71 0.005 * 
Ton 3 58.17 58.17 19.39 0.69 0.618 
D 3 299.22 478.22 159.41 3.34 0.155 * 
Dt 3 64.23 64.23 21.41 0.76 0.588 
Error 3 84.78 84.78 28.26       
Total 15 810.52           
S = 5.31604   RSq. = 91.52%   RSq. (adj) = 57.59% 
* - Significant 
Table 6.3 represents the analysis of variance for MRR of H11 material for 
95% confidence level. The value of F i. e. variance value to be compared with 
Fcr which can be found out from the table as Annexure G as follows: 
Fcr = Fc.l.,n1,n2 = F0.05,3, 15 = 3.285 
Where Fcr is the critical value of variance, c.l = Confidence level, n1 = degree 
of freedom for input factor, n2 = total degree of freedom 
From ANOVA it can be concluded that current and diameter are significant 
factor affecting the MRR of H11 material since respective F values are higher 
than Fcr. This analysis is correct since corresponding p values are small. 
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6.2.3 Empirical model using Regression analysis for MRR 
(a)       (b) 
(c)       (d) 
Fig. 6.4 (a, b, c, d) Fitted line plot for MRR (H11) 
Fig. 6.4 (a, b, c, d) shows fitted line plot for MRR of H11 material vs. current, 
pulse on time, diameter and depth respectively.  This graph shows trend of 
MRR.  As current and diamter increases MRR increases.  Whereas as pulse 
on time and depth increases MRR is showing a flat or minor decreasing trend. 
However from Taguchi’s analysis we know that pulse on time and depth are 
least affecting the MRR. These trends are plotted with curve fitting technique 
and also provides with equations which is not sufficient to analyse since it will 
give only one variable at a time data. Hence regression analysis is done to 
find out the empirical model. 
Empirical expressions have been developed to evaluate the relationship 
between input and output parameters. The output values of MRR have been 
used to construct the empirical expressions.  The functional relationship 
between dependent output parameter with the input parameters could be 
postulated using the following equation: 
Y = A(X1)a (X2)b (X3)c (X4) d      (6.1) 
where Y is dependent output variable such as MRR; X1, X2, X3 and X4 are 
independent variables such as current, pulse on time, hole diameter and hole 
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depth respectively; a, b, c and d are the exponents of input parameters. The 
above nonlinear equation is converted into linear form by logarithmic 
transformation and can be written as 
log Y = log A + a log(X1) + b log(X2) + c log(X3) + d log(X4)  (6.2) 
y* = β0 + β1x1 + β2x2 + β3x3 + β4x4      (6.3) 
where y* is the true value of dependent machining output on a logarithmic 
scale; x1, x2, x3 and x4 are the logarithmic transformation of the different 
input parameters; β0, β1, β2, β3 and β4 are the corresponding parameters to 
be estimated. Minitab 15 statistical analysis software and MS Excel have 
been used to estimate the parameters of the above first order model using the 
data as shown. The developed empirical model for MRR is given below: 
MRR =  A(I)a(Ton)b(D)c(Dt)d       (6.4) 
By performing multi parameter linear regression analysis on the data 
regression constants are calculated which are as given as follows : 
Table 6.4 Regression analysis for MRR of H11 material 
Coefficients t Stat P-value 
Constant -1.39 -2.03 0.07 
I 1.46 6.36 0.00 
Ton 0.25 0.42 0.68 
D 1.74 5.72 0.00 
Dt -0.26 -1.14 0.28 
S = 0.137, Rsq. = 87.15 %  Rsq(adj.) = 82.48%  
The equation for log MRR is: 
logMRR = -1.39 + 1.46 log(I) + 0.25 log(Ton) + 1.74 log(D) - 0.26 log(Dt)   (6.5) 
The equation after taking antilog on both the sides for MRR is: 
MRR = 0.0407 . (I1.46 . Ton0.25 . D1.74 ) / (Dt0.26)            (6.6) 
From eqn. 6.6 predicted values of MRR can be calculated which is to be 
compared with experimental values for which error must be calculated. The 
predicted error percentage between predicted and measured output values at 
each experimental condition is calculated as follow: 
 
Error (%) = (Experimental value – Predicted value) x 100  (6.7) 
   Predicted value 
 
The predicted MRR is calculated based on eqn. 6.6 and compared with 
experimental values. Error with the help of eqn. 6.7 is calculated. To minimise 
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the error in the empirical equation there are two general ways followed by 
statisticians one is to provide with error function, another is to modify equation 
based on removal of higher error points and perform regression again. 
Since the error found out are on both the sides i. e. positive and negative it 
was decided to modify the equation. After removing points with higher error as 
well by trial and error method modified equation for MRR is found out which 
has close Rsq. and Rsq.(adj). Hence it can be said equation is statistically 
correct. The modified empirical equation for MRR is as follows: 
MRR = 0.0483 . (I1.51 . Ton0.27 . D1.88 ) / (Dt0.42)   (6.8) 
For the above equation calculated standard error S = 0.077, Rsq. = 96.93% & 
Rsq.(adj.) =  94.47%. 
 Table 6.5 Error for predicted MRR and experimental MRR (H11) 
I Ton D Dt MRR Pred. MRR Error (%)
10 7 1.5 10 2.44 2.15 11.89 
10 8 2 15 3.03 3.23 -6.58 
10 9 2.5 20 3.14 4.50 -43.36 
10 10 3 25 6.08 5.94 2.25 
15 7 2 20 3.74 5.10 -36.35 
15 8 1.5 25 4.93 2.80 43.09 
15 9 3 10 13.34 15.65 -17.33 
15 10 2.5 15 12.17 9.64 20.80 
20 7 2.5 25 9.82 10.91 -11.09 
20 8 3 20 25.47 17.49 31.32 
20 9 1.5 15 4.91 5.54 -12.79 
20 10 2 10 11.22 11.60 -3.38 
25 7 3 15 31.37 26.67 14.98 
25 8 2.5 10 14.23 23.27 -63.55 
25 9 2 25 8.04 10.75 -33.69 
25 10 1.5 20 7.63 7.07 7.37 
Table 6.5 shows the comparision of predicted MRR and experimental MRR. 
Here error (%) is also tabulated. The average error for this equation is 6.03%. 
Also 60% of the points are withing 20% of the error which is acceptable. Fig. 
6.5 shows graph for actual MRR and predicted MRR. It can be seen that 
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values are very close for actual and predicted MRR for H11 material and 
empirical model is predicting very much close values to the actual. 
 
Fig. 6.5 – Graph showing error between actual MRR and predicted MRR 
for H11 material 
6.2.4 Taguchi’s analysis for SR 
Fig. 6.6 Main effects plot for S/N ratio for SR of H11 material 
105 
 
Fig. 6.7 Interaction plots for S/N ratio for SR of H11 material 
Fig. 6.6 shows main effects plot for S/N ratio for SR vs. all input factors and 
Fig. 6.7 represents interaction plot of SR.  Since it is always desirable to 
achieve the best surface finish smaller is better option is selected. From the 
above graph it can be seen that the best SR is achieved at current of 25A, 
pulse on time of 9μs, diameter of 1.5mm and 15mm depth. 
Table 6.6 Response Table for S/N Ratios for SR of H11 material 
 
Level I Ton D Dt 
1 -8.99 -10.078 -11.525 -9.506 
2 -10.996 -10.885 -11.225 -11.919 
3 -11.15 -11.915 -11.329 -11.39 
4 -13.348 -11.605 -10.404 -11.668 
Delta 4.358 1.837 1.121 2.413 
Rank 1 3 4 2 
Table 6.6 shows response table for signal to noise ratio for SR of H11 
material. This response table represents the effects of various input factors on 
SR. Here according to ranks, the effects of various input factors on SR in 
sequence of its effect are current, depth, pulse on time and diameter. That 
means current affects the SR at the highest level and diameter at lowest level. 
However the effect of pulse on time needed to be seen since the value of 
delta is nearer to the corresponding value of depth. 
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Table 6.7 S/N ratio and Predicted S/N ratio for SR of H11 
 
 
 
 
 
 
 
 
 
 
 
Table 6.7 shows the values of signal to noise ratio (SNRA) and Predicted 
signal to noise ratio (PSNRA) for SR of H11 material. The values of predicted 
signal to noise is very much close to the calculated signal to noise values 
hence the analysis of Taguchi for signal to noise ratio is correct. The 
representation of effects of various parameters on SR and optimise condition 
is very much nearby. 
Fig. 6.8 represents time scale plot of signal to noise ratio and predicted signal 
to noise ratio. This plot is shown for graphical representation of various values 
in sequence. 
Fig. 6.8 Time scale graph for SR (H11) for SNRA and PSNRA 
 
I Ton D Dt SNRA PSNRA 
10 7 1.5 10 -8.33281 -6.73624 
10 8 2 15 -9.79917 -9.65706 
10 9 2.5 20 -9.93859 -10.2624 
10 10 3 25 -7.88903 -9.30391 
15 7 2 20 -8.91208 -10.327 
15 8 1.5 25 -11.3875 -11.7113 
15 9 3 10 -9.60014 -9.45803 
15 10 2.5 15 -14.083 -12.4864 
20 7 2.5 25 -11.0046 -10.8625 
20 8 3 20 -12.0629 -10.4663 
20 9 1.5 15 -11.7317 -13.1466 
20 10 2 10 -9.79917 -10.123 
25 7 3 15 -12.0629 -12.3867 
25 8 2.5 10 -10.291 -11.7058 
25 9 2 25 -16.3909 -14.7943 
25 10 1.5 20 -14.6479 -14.5058 
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6.2.5 Analysis of Variance (ANOVA) for SR 
Table 6.8 ANOVA for SR (H11) 
Source DF Seq SS Adj SS Adj MS F P Remarks
I 3 8.063 8.063 2.688 1.73 0.331 
Ton 3 2.167 2.167 0.722 0.47 0.727 
D 3 0.707 0.707 0.236 0.15 0.922 
Dt 3 2.997 2.997 0.999 0.64 0.637 
Error 3 4.65 4.65 1.55   
Total 15 18.585   
S = 1.245   RSq. = 74.98%   RSq. (adj) = 00%, Fcr = 3.285 
* - Significant 
Table 6.8 represents the analysis of variance for SR of H11 material for 95% 
confidence level. From ANOVA it can be concluded that there are no factors 
significant to the SR of H11 material since F values are not higher than Fcr. 
This analysis is correct since corresponding p values are high.  
6.2.6 Empirical model using Regression analysis for SR 
 
  
  
 
 
 (a)      (b) 
 
 
 
 
 
 (c)      (d) 
Fig. 6.9 (a, b, c, d) Fitted line plot for SR (H11) 
Fig. 6.9 (a, b, c, d) shows fitted line plot for SR of H11 material vs. current, 
pulse on time, diameter and depth respectively.  This graph shows trend of 
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SR.  As current, pulse on time and depth increases SR increases (i.e. 
finishing deteriorates).  Whereas as diameter increases SR is showing a flat 
or minor decreasing trend. However from Taguchi’s analysis we know that 
pulse on time and diameter are least affecting the SR. These trends are 
plotted with curve fitting technique and also provides with equations which is 
not sufficient for analysis purpose since it will give only one variable at a time 
data. Hence regression analysis is done to find out the empirical model as 
theoretically explained in section 6.2.3. 
Empirical expressions have been developed to evaluate the relationship 
between input and output parameters. The output values of SR have been 
used to construct the empirical expressions.  
Minitab 15 statistical analysis software and MS Excel have been used to 
estimate the parameters of the above first order model using the data as 
shown. The developed empirical model for SR is given below: 
SR =  A(I)a(Ton)b(D)c(Dt)d        (6.9) 
By performing multi parameter linear regression analysis on the data 
regression constants are calculated which are as given as follows : 
Table 6.9 Regression analysis for SR of H11 material 
Coefficients t Stat P-value 
Constant -0.81 -1.94 0.08 
I 0.49 3.52 0.00 
Ton 0.55 1.54 0.15 
D -0.15 -0.84 0.42 
Dt 0.25 1.77 0.10 
S = 0.083, Rsq. = 62.83 %  Rsq(adj.) = 49.32%  
The equation for log SR is: 
logSR = -0.81 + 0.49 log(I) + 0.55 log(Ton) – 0.15 log(D) + 0.25 log(Dt)   (6.10) 
The equation after taking antilog on both the sides for SR is: 
SR = 0.1549 . (I0.49 . Ton0.55 . Dt0.25 ) / (D0.15)          (6.11) 
From eqn. 6.6 predicted values of SR can be calculated which is to be 
compared with experimental values for which error must be calculated. The 
predicted SR is calculated based on eqn. 6.11 and compared with 
experimental values. Error with the help of eqn. 6.7 is calculated.  
Table 6.10 shows the comparision of predicted SR and experimental SR. 
Here error (%) is also tabulated. The average error for this equation is 0.07%. 
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Also 75% of the points are withing 20% of the error which is acceptable. Fig. 
6.10 shows graph for actual SR and predicted SR. 
Table 6.10 Error for predicted SR and experimental SR (H11) 
I Ton D Dt SR Pred. SR Error (%)
10 7 1.5 10 2.61 2.34 10.50 
10 8 2 15 3.09 2.66 13.77 
10 9 2.5 20 3.14 2.95 5.91 
10 10 3 25 2.48 3.22 -29.87 
15 7 2 20 2.79 3.25 -16.32 
15 8 1.5 25 3.71 3.86 -3.93 
15 9 3 10 3.02 2.95 2.37 
15 10 2.5 15 5.06 3.55 29.77 
20 7 2.5 25 3.55 3.82 -7.63 
20 8 3 20 4.01 3.78 5.64 
20 9 1.5 15 3.86 4.17 -8.00 
20 10 2 10 3.09 3.82 -23.72 
25 7 3 15 4.01 3.65 8.98 
25 8 2.5 10 3.27 3.65 -11.56 
25 9 2 25 6.6 5.06 23.32 
25 10 1.5 20 5.4 5.30 1.94 
 
 
 
 
 
 
 
 
 
 
Fig. 6.10 – Graph showing error between actual SR and predicted SR for 
H11 material 
It can be seen that values are very close for actual and predicted SR for H11 
material and empirical model is predicting very much close values to the 
actual. 
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6.2.7 Taguchi’s analysis for EWR 
Fig. 6.11 Main effects plot for S/N ratio for EWR of H11 material 
Fig. 6.12 Interaction plots for S/N ratio for EWR of H11 material 
Fig. 6.11 shows main effects plot for S/N ratio for EWR vs. all input factors 
and Fig. 6.12 represents interaction plot of EWR.  Since it is always desirable 
to achieve the lowest electrode wear smaller is better option is selected. From 
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the above graph it can be seen that the least EWR is achieved at current of 
15A, pulse on time of 8μs, diameter of 1.5mm and 10mm depth. 
Table 6.11 Response Table for S/N Ratios for EWR of H11 material 
 
Level I Ton D Dt 
1 -32.32 -35.56 -37.8 -36.47 
2 -36.99 -36.66 -34.41 -36.13 
3 -35.47 -34.62 -35.92 -34.88 
4 -36.21 -34.15 -32.86 -33.52 
Delta 4.67 2.5 4.93 2.95 
Rank 2 4 1 3 
Table 6.11 shows response table for signal to noise ratio for EWR of H11 
material. This response table represents the effects of various input factors on 
EWR. Here according to ranks, the effects of various input factors on EWR in 
sequence of its effect are diameter, current, depth and pulse on time. That 
means diameter affects the EWR at the highest level and pulse on time at the 
lowest level. However the effect of current needed to be seen since the value 
of delta is nearer to the corresponding value of diameter. 
Table 6.12 S/N ratio and Predicted S/N ratio for EWR of H11 
 
 
 
 
 
 
 
 
 
 
 
Table 6.12 shows the values of signal to noise ratio (SNRA) and Predicted 
signal to noise ratio (PSNRA) for EWR of H11 material. The values of 
predicted signal to noise is very much close to the calculated signal to noise 
I Ton D Dt SNRA PSNRA 
10 7 1.5 10 -36.26 -36.40 
10 8 2 15 -33.38 -33.78 
10 9 2.5 20 -32.04 -31.99 
10 10 3 25 -27.60 -27.11 
15 7 2 20 -36.59 -36.10 
15 8 1.5 25 -39.28 -39.23 
15 9 3 10 -34.81 -35.20 
15 10 2.5 15 -37.31 -37.45 
20 7 2.5 25 -34.32 -34.72 
20 8 3 20 -33.98 -34.12 
20 9 1.5 15 -38.76 -38.27 
20 10 2 10 -34.81 -34.76 
25 7 3 15 -35.07 -35.02 
25 8 2.5 10 -40.00 -39.51 
25 9 2 25 -32.87 -33.01 
25 10 1.5 20 -36.90 -37.30 
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values hence the analysis of Taguchi for signal to noise ratio is correct. The 
representation of effects of various parameters on EWR and optimise 
condition is very much nearby. 
Fig. 6.13 represents time scale plot of signal to noise ratio and predicted 
signal to noise ratio. This plot is shown for graphical representation of various 
values in sequence. 
Fig. 6.13 Time scale graph for EWR (H11) for SNRA and PSNRA 
6.2.8 Analysis of Variance (ANOVA) for EWR 
Table 6.13 ANOVA for EWR (H11) 
Source DF Seq SS Adj SS Adj MS F P Remarks
I 3 1825.2 1825.2 608.4 4.25 0.133 * 
Ton 3 702 702 234 1.64 0.348 
D 3 2415.2 2415.2 805.1 5.63 0.095 * 
Dt 3 657.6 657.6 219.2 1.53 0.367 
Error 3 429.1 429.1 143   
Total 15 6029.1   
S = 11.96   RSq. = 92.88%   RSq. (adj) = 64.42%, Fcr = 3.285 
* - Significant 
Table 6.13 represents the analysis of variance for EWR of H11 material for 
95% confidence level. From ANOVA it can be concluded that current and 
diameter are significant factors to the EWR of H11 material since F values is 
higher than Fcr. This analysis is correct since corresponding p values are 
small.  
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6.2.9 Empirical model using Regression analysis for EWR 
(a)       (b) 
(c)      (d) 
Fig. 6.14 (a, b, c, d) Fitted line plot for EWR (H11) 
Fig. 6.14 (a, b, c, d) shows fitted line plot for EWR of H11 material vs. current, 
pulse on time, diameter and depth respectively.  This graph shows trend of 
EWR.  As current increases EWR increases. Where as pulse on time, 
diameter and depth increases EWR decreases.  However from Taguchi’s 
analysis we know that pulse on time is least affecting the EWR. These trends 
are plotted with curve fitting technique and also provides with equations which 
is not sufficient for analysis purpose since it will give only one variable at a 
time data. Hence regression analysis is done to find out the empirical model 
as theoretically explained in section 6.2.3. 
Empirical expressions have been developed to evaluate the relationship 
between input and output parameters. The output values of EWR have been 
used to construct the empirical expressions.  
Minitab 15 statistical analysis software and MS Excel have been used to 
estimate the parameters of the above first order model using the data as 
shown. The developed empirical model for EWR is given below: 
EWR  = A(I)a(Ton)b(D)c(Dt)d       (6.12) 
By performing multi parameter linear regression analysis on the data 
regression constants are calculated which are as given as follows : 
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Table 6.14 Regression analysis for EWR of H11 material 
Coefficients t Stat P-value 
Constant 2.453 4.429 0.001 
I 0.427 2.297 0.042 
Ton -0.585 -1.222 0.247 
D -0.666 -2.709 0.020 
Dt -0.364 -1.960 0.076 
S = 11.96, Rsq. = 92.88 %  Rsq(adj.) = 64.42%  
The equation for log EWR is: 
logEWR = 2.453+0.427log(I)-0.585log(Ton)–0.666log(D)-0.364log(Dt)   (6.13) 
The equation after taking antilog on both the sides for EWR is: 
EWR = 283.79 . (I0.43 )/(Ton0.585 . D0.666 . Dt0.364 )                    (6.14) 
From eqn. 6.14 predicted values of EWR can be calculated which is to be 
compared with experimental values for which error must be calculated. The 
predicted EWR is calculated based on eqn. 6.14 and compared with 
experimental values. Error with the help of eqn. 6.7 is calculated.  
Table 6.15 Error for predicted EWR and experimental EWR (H11) 
I Ton D Dt EWR Pred. EWR Error (%)
10 7 1.5 10 65 77.60 -19.38 
10 8 2 15 46.67 53.22 -14.04 
10 9 2.5 20 40 38.56 3.59 
10 10 3 25 24 26.95 -12.29 
15 7 2 20 67.5 61.70 8.60 
15 8 1.5 25 92 63.72 30.74 
15 9 3 10 55 52.33 4.86 
15 10 2.5 15 73.33 47.93 34.64 
20 7 2.5 25 52 55.49 -6.70 
20 8 3 20 50 49.29 1.41 
20 9 1.5 15 86.67 81.07 6.47 
20 10 2 10 55 72.94 -32.61 
25 7 3 15 56.67 65.14 -14.95 
25 8 2.5 10 100 86.76 13.24 
25 9 2 25 44 61.17 -39.02 
25 10 1.5 20 70 75.55 -7.93 
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Fig. 6.15 – Graph showing error between actual EWR and predicted EWR 
for H11 material 
Table 6.15 shows the comparision of predicted EWR and experimental EWR. 
Here error (%) is also tabulated. The average error for this equation is 2.7%. 
Also 75% of the points are withing 20% of the error which is acceptable. Fig. 
6.15 shows graph for actual EWR and predicted EWR. It can be seen that 
values are very close for actual and predicted EWR for H11 material and 
empirical model is predicting very much close values to the actual. 
6.2.10 Taguchi’s analysis for deflection 
Fig. 6.16 Main effects plot for S/N ratio for deflection of H11 material 
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Fig. 6.17 Interaction plots for S/N ratio for deflection of H11 material 
Fig. 6.16 shows main effects plot for S/N ratio for deflection vs. all input 
factors and Fig. 6.12 represents interaction plot of deflection.  Since it is 
always desirable to achieve the lowest deflection smaller is better option is 
selected. From the above graph it can be seen that the least deflection is 
achieved at current of 15A, pulse on time of 8μs, diameter of 2.5mm and 
10mm depth. 
Table 6.16 Response Table for S/N Ratios for deflection of H11 material 
 
Level I Ton D Dt 
1 36.9 34.4 33.87 31.12 
2 30.18 31.11 35.26 33.78 
3 35.4 37.43 32.24 37.29 
4 36.73 36.27 37.84 37.03 
Delta 6.72 6.31 5.61 6.17 
Rank 1 2 4 3 
Table 6.16 shows response table for signal to noise ratio for deflection of H11 
material. This response table represents the effects of various input factors on 
deflection. Here according to ranks, the effects of various input factors on 
deflection in sequence of its effect are current, pulse on time, depth and 
diameter. That means current affects the deflection at the highest level and 
diameter at the lowest level. However the effect of depth and pulse on time 
needed to be seen since the value of delta is nearer to the corresponding 
value of current. 
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Table 6.17 S/N ratio and Predicted S/N ratio for deflection of H11 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.18 Time scale graph for deflection (H11) for SNRA and PSNRA 
Table 6.17 shows the values of signal to noise ratio (SNRA) and Predicted 
signal to noise ratio (PSNRA) for deflection of H11 material. The values of 
predicted signal to noise is very much close to the calculated signal to noise 
values hence the analysis of Taguchi for signal to noise ratio is correct. The 
representation of effects of various parameters on deflection and optimise 
condition is very much nearby. 
I Ton D Dt SNRA PSNRA 
10 7 1.5 10 29.34 31.88 
10 8 2 15 31.53 32.64 
10 9 2.5 20 41.83 39.44 
10 10 3 25 44.88 43.62 
15 7 2 20 33.97 32.72 
15 8 1.5 25 30.17 27.78 
15 9 3 10 31.05 32.16 
15 10 2.5 15 25.51 28.05 
20 7 2.5 25 33.55 34.66 
20 8 3 20 34.70 37.24 
20 9 1.5 15 37.32 36.07 
20 10 2 10 36.02 33.64 
25 7 3 15 40.72 38.33 
25 8 2.5 10 28.04 26.78 
25 9 2 25 39.49 42.03 
25 10 1.5 20 38.63 39.74 
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Fig. 6.18 represents time scale plot of signal to noise ratio and predicted 
signal to noise ratio. This plot is shown for graphical representation of various 
values in sequence. 
6.2.11 Analysis of Variance (ANOVA) for deflection 
Table 6.18 ANOVA for deflection (H11) 
Source DF Seq SS Adj SS Adj MS F P Remarks
I 3 0.00069 0.00069 0.00023 1.93 0.302 
Ton 3 0.00038 0.00038 0.00013 1.07 0.479 
D 3 0.00052 0.00052 0.00017 1.44 0.385 
Dt 3 0.00059 0.00059 0.00020 1.63 0.349 
Error 3 0.00036 0.00036 0.00012   
Total 15 0.00254   
S = 0.0108   RSq. = 85.85%   RSq. (adj) = 29.27%, Fcr = 3.285 
* - Significant 
Table 6.18 represents the analysis of variance for deflection of H11 material 
for 95% confidence level. From ANOVA it can be concluded that there are no 
factors significant to the deflection of H11 material since F values are not 
higher than Fcr. 
6.2.12 Regression analysis for deflection 
(a)        (b) 
(c)       (d) 
Fig. 6.19 (a, b, c, d) Fitted line plot for deflection (H11) 
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Fig. 6.14 (a, b, c, d) shows fitted line plot for deflection of H11 material vs. 
current, pulse on time, diameter and depth respectively.  This graph shows 
trend of deflection.  Deflection curve is cubic for current, pulse on time and 
diameter and linear for depth. As current and pulse on time increases 
deflection increases intially but further increase in current and pulse on time 
decreases the deflection. 
As diameter increases deflection decreases initially but further increase in 
diameter causes increase in deflection i.e. uneven trend is seen in the graph 
of deflection vs. diameter. As depth increases deflection is decreasing little 
because graph indicates small negative slope. 
Deflection is one of the dimensional characteristic. For dimensional 
characteristics generally empirical relationships are not given because these 
are process characteristics. For process characteristics capability of the 
machine is the aspect one has to see. However Fig. 6.19(a, b, c,d) give some 
idea about relationship of this characteristics with input factor. The other 
factors that affects the deflection is the trueness of the slide, holding of the 
workpiece, electrode guide runout, electrode spindle runout etc. 
6.2.13 Taguchi’s analysis for circularity 
Fig. 6.20 Main effects plot for S/N ratio for circularity of H11 material 
Fig. 6.20 shows main effects plot for S/N ratio for circularity vs. all input 
factors and Fig. 6.21 represents interaction plot of circularity.  Since it is 
always desirable to achieve the lowest circularity smaller is better option is 
selected. From the above graph it can be seen that the least circularity is 
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achieved at current of 25A, pulse on time of 7μs, diameter of 1.5mm and 
15mm depth. 
Fig. 6.21 Interaction plots for S/N ratio for circularity of H11 material 
Table 6.19 shows response table for signal to noise ratio for circularity of H11 
material. This response table represents the effects of various input factors on 
circularity. Here according to ranks, the effects of various input factors on 
circularity in sequence of its effect are diameter, pulse on time, current and 
depth. 
Table 6.19 Response Table for S/N Ratios for circularity of H11 material 
 
Level I Ton D Dt 
1 42 38.44 34.99 42.77 
2 42.66 46.73 44.75 39.1 
3 43.25 39.51 42.66 43.04 
4 39.23 42.45 44.73 42.22 
Delta 4.02 8.29 9.76 3.94 
Rank 3 2 1 4 
That means diameter affects the circularity at the highest level and depth at 
the lowest level. However the effect of pulse on time needed to be seen since 
the value of delta are nearer to the corresponding value of diameter. 
Table 6.20 shows the values of signal to noise ratio (SNRA) and Predicted 
signal to noise ratio (PSNRA) for circularity of H11 material. The values of 
predicted signal to noise is very much close to the calculated signal to noise 
values hence the analysis of Taguchi for signal to noise ratio is correct. 
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Table 6.20 S/N ratio and Predicted S/N ratio for circularity of H11 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.22 represents time scale plot of signal to noise ratio and predicted 
signal to noise ratio. This plot is shown for graphical representation of various 
values in sequence. 
Fig. 6.22 Time scale graph for circularity (H11) for SNRA and PSNRA 
 
 
I Ton D Dt SNRA PSNRA 
10 7 1.5 10 34.42 32.85 
10 8 2 15 46.02 47.24 
10 9 2.5 20 37.08 41.85 
10 10 3 25 50.46 46.04 
15 7 2 20 47.96 43.54 
15 8 1.5 25 36.48 41.25 
15 9 3 10 43.10 44.31 
15 10 2.5 15 43.10 41.52 
20 7 2.5 25 40.00 41.22 
20 8 3 20 53.98 52.40 
20 9 1.5 15 35.92 31.50 
20 10 2 10 43.10 47.87 
25 7 3 15 31.37 36.15 
25 8 2.5 10 50.46 46.04 
25 9 2 25 41.94 40.36 
25 10 1.5 20 33.15 34.37 
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6.2.14 Analysis of Variance (ANOVA) for circularity 
Table 6.21 ANOVA for circularity (H11) 
Source DF Seq SS Adj SS Adj MS F P Remarks
I 3 0.0001 0.0001 0.0000 0.62 0.649 
Ton 3 0.0002 0.0002 0.0001 0.86 0.549 
D 3 0.0003 0.0003 0.0001 1.76 0.327 
Dt 3 0.0001 0.0001 0.0000 0.33 0.809 
Error 3 0.0002 0.0002 0.0001 
Total 15 0.0008 
S = 0.012   RSq. = 70.89%   RSq. (adj) = 29.87%, Fcr = 3.285 
* - Significant 
Table 6.21 represents the analysis of variance for circularity of H11 material 
for 95% confidence level. From ANOVA it can be concluded that there are no 
factors significant to the circularity of H11 material since F values are not 
higher than Fcr. 
6.2.15 Regression analysis for circularity 
 
 
 
 
 
(a)        (b) 
 
 
 
 
 
(c)       (d) 
Fig. 6.23 (a, b, c, d) Fitted line plot for circularity (H11) 
Fig. 6.23 (a, b, c, d) shows fitted line plot for circularity of H11 material vs. 
current, pulse on time, diameter and depth respectively.  This graphs show 
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trends of circularity.  Circularity curve is quadratic for current, diameter , depth 
and cubic for  pulse on time. As current increases circularity increases. As 
pulse on time increases circularity decreases intially but further increase in 
pulse on time increases the circularity. As diameter increases circularity 
decreases. Almost flat relationship can be seen for circularity vs. depth.  
Circularity is also one of the dimensional characteristic. The other factors that 
affects the circularity are the holding of the workpiece, electrode guide runout, 
electrode spindle runout, flushing pressure uniformity, centrifugal force 
genration in electrode etc. 
6.2.16 Taguchi’s analysis for cylindricity 
Fig. 6.24 Main effects plot for S/N ratio for cylindricity of H11 material 
Table 6.22 Response Table for S/N Ratios for cylindricity of H11 material 
 
Level I Ton D Dt 
1 37.81 35.76 38.96 35.73 
2 39.09 38.33 37.28 36.68 
3 37.45 35.73 37.99 41.38 
4 34.83 39.36 34.94 35.38 
Delta 4.25 3.63 4.02 6 
Rank 2 4 3 1 
Fig. 6.24 shows main effects plot for S/N ratio for cylindricity vs. all input 
factors and Fig. 6.25 represents interaction plot of cylindricity.  Since it is 
always desirable to achieve the lowest cylindricity smaller is better option is 
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selected. From the above graph it can be seen that the least cylindricity is 
achieved at current of 25A, pulse on time of 9μs, diameter of 3mm and 25mm 
depth. 
Fig. 6.25 Interaction plots for S/N ratio for cylindricity of H11 material 
Table 6.22 shows response table for signal to noise ratio for cylindricity of H11 
material. This response table represents the effects of various input factors on 
cylindricity. Here according to ranks, the effects of various input factors on 
cylindricity in sequence of its effect are depth, current, diameter and pulse on 
time. 
That means depth affects the cylindricity at the highest level and pulse on 
time at the lowest level. However the effect of current and diameter needed to 
be seen since the value of delta are nearer. 
Table 6.23 shows the values of signal to noise ratio (SNRA) and Predicted 
signal to noise ratio (PSNRA) for cylindricity of H11 material. The values of 
predicted signal to noise is very much close to the calculated signal to noise 
values hence the analysis of Taguchi for signal to noise ratio is correct. 
Fig. 6.26 represents time scale plot of signal to noise ratio and predicted 
signal to noise ratio. This plot is shown for graphical representation of various 
values in sequence. 
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Fig. 6.26 Time scale graph for cylindricity (H11) for SNRA and PSNRA 
Table 6.23 S/N ratio and Predicted S/N ratio for cylindricity of H11 
 
 
 
 
 
 
 
 
 
 
 
6.2.17 Analysis of Variance (ANOVA) for cylindricity 
Table 6.24 represents the analysis of variance for cylindricity of H11 material 
for 95% confidence level. From ANOVA it can be concluded that there are no 
factors significant to the cylindricity of H11 material since F values are not 
higher than Fcr. 
 
I Ton D Dt SNRA PSNRA 
10 7 1.5 10 37.08 36.38 
10 8 2 15 40.00 38.22 
10 9 2.5 20 37.08 41.03 
10 10 3 25 37.08 35.60 
15 7 2 20 43.10 41.62 
15 8 1.5 25 35.92 39.87 
15 9 3 10 35.39 33.61 
15 10 2.5 15 41.94 41.24 
20 7 2.5 25 36.48 34.70 
20 8 3 20 40.92 40.22 
20 9 1.5 15 38.42 36.94 
20 10 2 10 33.98 37.94 
25 7 3 15 26.38 30.33 
25 8 2.5 10 36.48 35.00 
25 9 2 25 32.04 31.34 
25 10 1.5 20 44.44 42.65 
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Table 6.24 ANOVA for cylindricity (H11) 
Source DF Seq SS Adj SS Adj MS F P Remarks
I 3 0.00034 0.00034 0.00011 0.79 0.576 
Ton 3 0.00021 0.00021 0.00007 0.5 0.709 
D 3 0.00024 0.00024 0.00008 0.56 0.675 
Dt 3 0.00025 0.00025 0.00008 0.59 0.664 
Error 3 0.00043 0.00043 0.00014
Total 15 0.00148
S = 0.012   RSq. = 70.89%   RSq. (adj) = 29.87%, Fcr = 3.285 
* - Significant 
6.2.18 Regression analysis for cylindricity  
As pulse on time increases cylindricity increases intially but further increase in 
pulse on time decreases the cylindricity. As diameter increases cylindricity 
increases. Almost flat relationship can be seen for cylindricity vs. depth.  
Cylindricity is also one of the dimensional characteristic. The other factors that 
affects the cylindricity are the holding of the workpiece, electrode guide 
runout, electrode spindle runout, flushing pressure uniformity, centrifugal force 
genration in electrode etc. 
(a)        (b) 
(c)       (d) 
Fig. 6.27 (a, b, c, d) Fitted line plot for cylindricity (H11) 
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6.2.19 Taguchi’s analysis for taper 
Fig. 6.28 shows main effects plot for S/N ratio for taper vs. all input factors 
and Fig. 6.29 represents interaction plot of taper.  Since it is always desirable 
to achieve the lowest taper smaller is better option is selected. 
Table 6.25 Response Table for S/N Ratios for taper of H11 material 
 
Level I Ton D Dt 
1 24.02 26.75 23.17 22.52 
2 38.45 32.84 23.13 22.83 
3 20.99 28.06 35.12 31.5 
4 26.83 22.64 28.87 33.45 
Delta 17.46 10.2 11.99 10.93 
Rank 1 4 2 3 
From the graph it can be seen that the least taper is achieved at current of 
20A, pulse on time of 10μs, diameter of 1.5mm and 10mm depth. Table 6.25 
shows response table for signal to noise ratio for taper of H11 material. This 
response table represents the effects of various input factors on taper. Here 
according to ranks, the effects of various input factors on taper in sequence of 
its effect are current, diameter, depth and pulse on time. 
Fig. 6.28 Main effects plot for S/N ratio for taper of H11 material 
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Fig. 6.29 Interaction plots for S/N ratio for taper of H11 material 
That means current affects the taper at the highest level and pulse on time at 
the lowest level. However the effect of diameter and depth needed to be seen 
since the value of delta are nearer of each. 
Table 6.26 S/N ratio and Predicted S/N ratio for taper of H11 
 
 
 
 
 
 
 
 
 
 
 
I Ton D Dt SNRA PSNRA 
10 7 1.5 10 16.19 13.73 
10 8 2 15 17.72 20.10 
10 9 2.5 20 31.70 35.98 
10 10 3 25 30.46 26.26 
15 7 2 20 41.31 37.11 
15 8 1.5 25 40.92 45.19 
15 9 3 10 32.80 35.18 
15 10 2.5 15 38.79 36.33 
20 7 2.5 25 31.21 33.59 
20 8 3 20 33.94 31.48 
20 9 1.5 15 16.54 12.34 
20 10 2 10 2.29 6.57 
25 7 3 15 18.27 22.55 
25 8 2.5 10 38.79 34.59 
25 9 2 25 31.21 28.75 
25 10 1.5 20 19.04 21.42 
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Table 6.26 shows the values of signal to noise ratio (SNRA) and Predicted 
signal to noise ratio (PSNRA) for taper of H11 material. The values of 
predicted signal to noise is very much close to the calculated signal to noise 
values hence the analysis of Taguchi for signal to noise ratio is correct. 
Fig. 6.30 Time scale graph for taper (H11) for SNRA and PSNRA 
Fig. 6.30 represents time scale plot of signal to noise ratio and predicted 
signal to noise ratio. This plot is shown for graphical representation of various 
values in sequence. 
6.2.20 Analysis of Variance (ANOVA) for taper 
Table 6.27 ANOVA for taper (H11) 
Source DF Seq SS Adj SS Adj MS F P Remarks
I 3 0.11483 0.11483 0.03828 1.27 0.425 
Ton 3 0.09052 0.09052 0.03017 1 0.5 
D 3 0.10808 0.10808 0.03603 1.19 0.444 
Dt 3 0.11471 0.11471 0.03824 1.27 0.425 
Error 3 0.09049 0.09049 0.03016
Total 15 0.51863
S = 0.174   RSq. = 82.55%   RSq. (adj) = 12.76%, Fcr = 3.285 
* - Significant 
Table 6.27 represents the analysis of variance for taper of H11 material for 
95% confidence level. From ANOVA it can be concluded that there are no 
factors significant to the taper of H11 material since F values are not higher 
than Fcr. 
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6.2.21 Regression analysis for taper 
(a)        (b) 
(c)       (d) 
Fig. 6.31 (a, b, c, d) Fitted line plot for taper (H11) 
Fig. 6.31 (a, b, c, d) shows fitted line plot for taper of H11 material vs. current, 
pulse on time, diameter and depth respectively.  This graphs show trends of 
taper.  Taper curve is linear for all input factors. As current and pulse on time 
increases taper increases. As diameter and depth increases taper decreases. 
Taper is also one of the dimensional characteristic. The other factors that 
affects the taper is the holding of the workpiece, accuracy of guide, electrode 
guide runout, electrode spindle runout, flushing pressure uniformity etc. 
6.2.22 Taguchi’s analysis for hardness 
Table 6.28 Response Table for S/N Ratios for hardness of H11 material 
 
 
 
 
 
Fig. 6.32 shows main effects plot for S/N ratio for hardness vs. all input factors 
and Fig. 6.33 represents interaction plot of hardness.  Since it is always 
Level I Ton D Dt 
1 -30.15 -29.44 -31.63 -30.29 
2 -30.66 -30.35 -30.66 -30.04 
3 -30.7 -30.89 -29.38 -31.35 
4 -29.51 -30.34 -29.36 -29.35 
Delta 1.19 1.45 2.27 2 
Rank 4 3 1 2 
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desirable to achieve the lower increase in hardness smaller is better option is 
selected. From the graph it can be seen that the least hardness is achieved at 
current of 20A, pulse on time of 9μs, diameter of 1.5mm and 20mm depth. 
Fig. 6.32 Main effects plot for S/N ratio for hardness of H11 material 
Fig. 6.33 Interaction plots for S/N ratio for hardness of H11 material 
Table 6.28 shows response table for signal to noise ratio for hardness of H11 
material. This response table represents the effects of various input factors on 
hardness. Here according to ranks, the effects of various input factors on 
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hardness in sequence of its effect are diameter, depth, pulse on time and 
current. That means diameter affects the hardness at the highest level and 
current at the lowest level. However the effect of depth needed to be seen 
since the value of delta are nearer to corresponding value of diameter. 
Table 6.29 shows the values of signal to noise ratio (SNRA) and Predicted 
signal to noise ratio (PSNRA) for hardness of H11 material. The values of 
predicted signal to noise is very much close to the calculated signal to noise 
values hence the analysis of Taguchi for signal to noise ratio is correct. 
Fig. 6.34 represents time scale plot of signal to noise ratio and predicted 
signal to noise ratio. This plot is shown for graphical representation of various 
values in sequence. 
Table 6.29 S/N ratio and Predicted S/N ratio for hardness of H11 
I Ton D Dt SNRA PSNRA 
10 7 1.5 10 -30.63 -30.74 
10 8 2 15 -30.63 -30.43 
10 9 2.5 20 -31.36 -30.99 
10 10 3 25 -27.96 -28.42 
15 7 2 20 -30.88 -31.34 
15 8 1.5 25 -31.60 -31.22 
15 9 3 10 -30.63 -30.43 
15 10 2.5 15 -29.54 -29.65 
20 7 2.5 25 -28.30 -28.10 
20 8 3 20 -30.88 -30.99 
20 9 1.5 15 -32.04 -32.50 
20 10 2 10 -31.60 -31.22 
25 7 3 15 -27.96 -27.59 
25 8 2.5 10 -28.30 -28.76 
25 9 2 25 -29.54 -29.65 
25 10 1.5 20 -32.26 -32.06 
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Fig. 6.34 Time scale graph for hardness (H11) for SNRA and PSNRA 
6.2.23 Analysis of Variance (ANOVA) for hardness 
Table 6.30 represents the analysis of variance for hardness of H11 material 
for 95% confidence level. From ANOVA it can be concluded that diameter and 
depth are significant factors to the hardness of H11 material since F values is 
higher than Fcr. 
Table 6.30 ANOVA for hardness (H11) 
Source DF Seq SS Adj SS Adj MS F P Remarks
I 3 44.5 44.5 14.833 1.98 0.295 
Ton 3 57.5 57.5 19.167 2.56 0.231 
D 3 201 201 67 8.93 0.053 * 
Dt 3 108.5 108.5 36.167 4.82 0.114 * 
Error 3 22.5 22.5 7.5 
Total 15 434 
S = 2.74   RSq. = 94.82%   RSq. (adj) = 74.08%, Fcr = 3.285 
* - Significant 
This analysis is correct since corresponding p values are small. Remaining 
factors current and pulse on time are not significantly affecting the process for 
increase in hardness since corresponding F values are smaller than Fcr. 
6.2.24 Regression analysis for hardness 
Fig. 6.35 (a, b, c, d) shows fitted line plot for hardness of H11 material vs. 
current, pulse on time, diameter and depth respectively.  This graphs show 
trends of hardness.  Hardness curve is quadratic for current, linear for pulse  
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time and diameter and cubic for depth. As current increases hardness 
increases little initially and later decreases. 
(a)        (b) 
(c)       (d) 
Fig. 6.35 (a, b, c, d) Fitted line plot for hardness (H11) 
As pulse on time increases hardness of the material increases. As diameter 
increases hardness decreases. As depth increases hardness decreases 
intially and later incresing and decreasing trend is seen. With depth uneven 
trend is observed.  
Regression analysis is done to find out the empirical model as theoretically 
explained in section 6.2.3. 
Empirical expressions have been developed to evaluate the relationship 
between input and output parameters. The output values of increase in 
hardness have been used to construct the empirical expressions.  
Minitab 15 statistical analysis software and MS Excel have been used to 
estimate the parameters of the above first order model using the data as 
shown. The developed empirical model for increase in hardness is given 
below: 
Increase in Hardness  = A(I)a(Ton)b(D)c(Dt)d     (6.15) 
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By performing multi parameter linear regression analysis on the data 
regression constants are calculated which are as given as follows : 
Table 6.31 Regression analysis for hardness of H11 material 
Coefficients t Stat P-value 
Constant 1.458 4.846 0.001 
I -0.050 -0.499 0.628 
Ton 0.329 1.264 0.232 
D -0.411 -3.076 0.011 
Dt -0.040 -0.397 0.699 
S = 0.067, Rsq. = 92.3 %  Rsq(adj.) = 86.33%  
The equation for log increase in hardness is: 
loghardness = 1.458-0.05log(I)+0.329log(Ton)–0.411log(D)-0.04log(Dt)   (6.16) 
The equation after taking antilog on both the sides for increase in hardness is: 
Increase in hardness = 28.707 . (Ton0.41) / (I0.05 . D0.411. Dt0.04)         (6.17) 
From eqn. 6.17 predicted values of hardness can be calculated which is to be 
compared with experimental values for which error must be calculated. The 
predicted hardness is calculated based on eqn. 6.17 and compared with 
experimental values. Error with the help of eqn. 6.7 is calculated.  
 
Fig. 6.36 – Graph showing error between actual hardness and predicted 
hardness for H11 material 
 
 
136 
 
Table 6.32 Error for predicted and experimental increase hardness (H11) 
I Ton D Dt Hardness
Pred. 
hardness Error (%)
10 7 1.5 10 34 37.47 -10.20 
10 8 2 15 34 34.22 -0.66 
10 9 2.5 20 37 32.09 13.28 
10 10 3 25 25 30.55 -22.19 
15 7 2 20 35 31.73 9.35 
15 8 1.5 25 38 36.98 2.67 
15 9 3 10 34 29.99 11.78 
15 10 2.5 15 30 32.93 -9.77 
20 7 2.5 25 26 28.28 -8.78 
20 8 3 20 35 27.66 20.96 
20 9 1.5 15 40 38.68 3.30 
20 10 2 10 38 36.16 4.85 
25 7 3 15 25 26.48 -5.94 
25 8 2.5 10 26 30.31 -16.60 
25 9 2 25 30 33.30 -10.99 
25 10 1.5 20 41 39.14 4.52 
Table 6.32 shows the comparision of predicted hardness and experimental 
hardness. Here error (%) is also tabulated. The average error for this equation 
is 0.9%. Also 87.5% of the points are withing 20% of the error which is 
acceptable. Fig. 6.36 shows graph for actual increase in hardness and 
predicted increase in hardness. It can be seen that values are very close for 
actual and predicted hardness for H11 material and empirical model is 
predicting very much close values to the actual. 
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6.3 ANALYSIS FOR BRASS MATERIAL 
6.3.1 Taguchi’s analysis for MRR 
Fig. 6.37 Main effects plot for S/N ratio for MRR of Brass material 
Fig. 6.38 Interaction plots for S/N ratio for MRR of Brass material 
Fig. 6.37 shows main effects plot for S/N ratio for MRR vs. all input factors 
and Fig. 6.38 represents interaction plot of MRR.  Since it is always desirable 
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to maximise the MRR larger is better option is selected. From the above 
graph it can be seen that highest MRR is achieved at current of 25A, pulse on 
time of 10μs, diameter of 1.5mm and 10mm depth. 
Table 6.33 Response Table for S/N Ratios for MRR of Brass material 
 
Level I Ton D Dt 
1 17.8 23.87 27.24 26.35 
2 23.61 24.55 24.73 22.81 
3 27.43 24.01 24.05 23.58 
4 29.87 26.29 22.7 25.98 
Delta 12.07 2.41 4.54 3.54 
Rank 1 4 2 3 
Table 6.33 shows response table for signal to noise ratio for MRR of Brass 
material. Here according to ranks, the effects of various input factors on MRR 
in sequence of its effect are current, Diameter, Depth and Pulse on time. That 
means current affects the MRR at highest level and pulse on time at lowest 
level. 
Table 6.34 shows the values of signal to noise ratio (SNRA) and Predicted 
signal to noise ratio (PSNRA) for MRR of Brass material. The values of 
predicted signal to noise is very much close to the calculated signal to noise 
values hence the analysis of Taguchi for signal to noise ratio is correct. 
Fig. 6.39 Time scale graph for MRR (Brass) for SNRA and PSNRA 
Fig. 6.39 represents time scale plot of signal to noise ratio and predicted 
signal to noise ratio. This plot is shown for graphical representation of various 
values in sequence. 
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Table 6.34 S/N ratio and Predicted S/N ratio for MRR of Brass 
 
 
 
 
 
 
 
 
 
 
 
6.3.2 Analysis of Variance (ANOVA) for MRR 
Table 6.35 ANOVA for MRR (Brass) 
Source DF Seq SS Adj SS Adj MS F P Remarks
I 3 1298.24 1298.24 432.75 25.3 0.012 * 
Ton 3 139.3 139.3 46.43 2.72 0.217 
D 3 248.2 248.2 82.73 4.84 0.114 * 
Dt 3 170.51 170.51 56.84 3.32 0.175 * 
Error 3 51.31 51.31 17.1   
Total 15 1907.57   
S = 4.135   RSq. = 97.31%   RSq. (adj) = 86.55% Fcr = 3.285 
* - Significant 
Table 6.35 represents the analysis of variance for MRR of Brass material for 
95% confidence level. From ANOVA it can be concluded that current, 
diameter and are significant factors affecting the MRR of Brass material since 
respective F values are higher than Fcr. This analysis is correct since 
corresponding p values are small. 
 
 
 
I Ton D Dt SNRA PSNRA 
10 7 1.5 10 21.84 21.22 
10 8 2 15 13.88 15.85 
10 9 2.5 20 15.99 15.40 
10 10 3 25 19.49 18.73 
15 7 2 20 22.52 21.76 
15 8 1.5 25 27.94 27.35 
15 9 3 10 20.66 22.63 
15 10 2.5 15 23.33 22.71 
20 7 2.5 25 25.32 27.29 
20 8 3 20 24.84 24.22 
20 9 1.5 15 28.21 27.45 
20 10 2 10 31.35 30.76 
25 7 3 15 25.81 25.22 
25 8 2.5 10 31.54 30.78 
25 9 2 25 31.17 30.56 
25 10 1.5 20 30.97 32.94 
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6.3.3 Empirical model using Regression analysis for MRR 
 
 
 
 
 
(a)       (b) 
(c)       (d) 
Fig. 6.40 (a, b, c, d) Fitted line plot for MRR (Brass) 
Fig. 6.40 (a, b, c, d) shows fitted line plot for MRR of Brass material vs. 
current, pulse on time, diameter and depth respectively.  This graph shows 
trend of MRR.  As current and pulse on time increases MRR increases.  
Whereas as diameter increases MRR decreases. As depth increases MRR 
decreses intitally and further increase in depth cause increase in MRRs. 
However from Taguchi’s analysis we know that pulse on time and depth are 
least affecting the MRR. These trends are plotted with curve fitting technique 
and also provides with equations which is not sufficient to analyse since it will 
give only one variable at a time data. Hence regression analysis is done to 
find out the empirical model. 
Empirical expressions have been developed to evaluate the relationship 
between input and output parameters. The output values of MRR have been 
used to construct the empirical expressions.   
The developed empirical model for MRR is given below: 
MRR =  A(I)a(Ton)b(D)c(Dt)d       (6.18) 
By performing multi parameter linear regression analysis on the data 
regression constants are calculated which are as given as follows : 
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Table 6.36 Regression analysis for MRR of Brass material 
Coefficients t Stat P-value 
Constant -0.870 -1.426 0.181 
I 1.528 7.470 0.000 
Ton 0.630 1.195 0.257 
D -0.722 -2.666 0.022 
Dt -0.080 -0.392 0.702 
S = 0.123, Rsq. = 85.43 %  Rsq(adj.) = 80.13%  
The equation for log MRR is: 
logMRR = -0.87+1.528log(I)+0.63log(Ton)-0.722log(D) - 0.08log(Dt)  (6.19) 
The equation after taking antilog on both the sides for MRR is: 
MRR = 0.135 . (I1.53 . Ton0.63 )/ ( D0.72 . Dt0.08)     (6.20) 
The predicted MRR is calculated based on eqn. 6.20 and compared with 
experimental values. Error with the help of eqn. 6.20 is calculated. To 
minimise the error in the empirical equation after removing points with higher 
error as well by trial and error method modified equation for MRR is found out 
which has close Rsq. and Rsq.(adj). Hence it can be said equation is statistically 
correct. The modified empirical equation for MRR is as follows: 
MRR = 0.2936. (I1.63.Ton0.45) / (D0.92.Dt0.27)    (6.21) 
For the above equation calculated standard error S = 0.079, Rsq. = 92.93% & 
Rsq.(adj.) =  88.89%. 
 
 
 
 
 
 
 
 
Fig. 6.41 – Graph showing error between actual MRR and predicted MRR 
for Brass material 
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Table 6.37 shows the comparision of predicted MRR and experimental MRR. 
Here error (%) is also tabulated. The average error for this equation is 2.41%. 
Also 60% of the points are withing 20% of the error which is acceptable. Fig. 
6.41 shows graph for actual MRR and predicted MRR. It can be seen that 
values are very close for actual and predicted MRR for Brass material and 
empirical model is predicting very much close values to the actual. 
Table 6.37 Error for predicted MRR and experimental MRR (Brass) 
I Ton D Dt MRR Pred. MRR Error (%)
10 7 1.5 10 12.36 11.12 10.03 
10 8 2 15 4.94 8.12 -64.25 
10 9 2.5 20 6.31 6.45 -2.35 
10 10 3 25 9.43 5.39 42.90 
15 7 2 20 13.37 13.70 -2.51 
15 8 1.5 25 24.96 17.85 28.47 
15 9 3 10 10.79 12.74 -18.07 
15 10 2.5 15 14.67 14.16 3.44 
20 7 2.5 25 18.45 16.80 8.99 
20 8 3 20 17.45 16.02 8.23 
20 9 1.5 15 25.74 34.54 -34.21 
20 10 2 10 36.96 31.01 16.10 
25 7 3 15 19.53 23.45 -20.11 
25 8 2.5 10 37.76 32.86 12.97 
25 9 2 25 36.19 33.22 8.21 
25 10 1.5 20 35.34 48.21 -36.40 
 
6.3.4 Taguchi’s analysis for SR 
Fig. 6.42 shows main effects plot for S/N ratio for SR vs. all input factors and 
Fig. 6.43 represents interaction plot of SR.  Since it is always desirable to 
achieve the best surface finish smaller is better option is selected. From the 
above graph it can be seen that the best SR is achieved at current of 25A, 
pulse on time of 10μs, diameter of 2mm and 25mm depth. 
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Fig. 6.42 Main effects plot for S/N ratio for SR of Brass material 
Fig. 6.43 Interaction plots for S/N ratio for SR of Brass material 
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Table 6.38 Response Table for S/N Ratios for SR of Brass material 
 
Level I Ton D Dt 
1 -9.803 -11.607 -9.021 -10.876 
2 -9.384 -10.379 -12.679 -10.502 
3 -12.427 -11.281 -12.146 -11.023 
4 -13.254 -11.601 -11.022 -12.468 
Delta 3.87 1.227 3.659 1.965 
Rank 1 4 2 3 
Table 6.38 shows response table for signal to noise ratio for SR of Brass 
material. This response table represents the effects of various input factors on 
SR. Here according to ranks, the effects of various input factors on SR in 
sequence of its effect are current, diameter, depth and pulse on time. That 
means current affects the SR at the highest level and pulse on time at lowest 
level.  
Table 6.39 S/N ratio and Predicted S/N ratio for SR of Brass 
 
 
 
 
 
 
 
 
 
 
 
Table 6.39 shows the values of signal to noise ratio (SNRA) and Predicted 
signal to noise ratio (PSNRA) for SR of Brass material. The values of 
predicted signal to noise is very much close to the calculated signal to noise 
values hence the analysis of Taguchi for signal to noise ratio is correct. The 
representation of effects of various parameters on SR and optimise condition 
is very much nearby. 
I Ton D Dt SNRA PSNRA 
10 7 1.5 10 -7.75 -7.65 
10 8 2 15 -9.40 -9.71 
10 9 2.5 20 -9.28 -10.60 
10 10 3 25 -12.79 -11.24 
15 7 2 20 -12.59 -11.04 
15 8 1.5 25 -6.28 -7.60 
15 9 3 10 -8.60 -8.91 
15 10 2.5 15 -10.08 -9.98 
20 7 2.5 25 -14.68 -15.00 
20 8 3 20 -11.29 -11.20 
20 9 1.5 15 -11.13 -9.58 
20 10 2 10 -12.61 -13.93 
25 7 3 15 -11.41 -12.73 
25 8 2.5 10 -14.55 -13.00 
25 9 2 25 -16.12 -16.03 
25 10 1.5 20 -10.93 -11.25 
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Fig. 6.44 represents time scale plot of signal to noise ratio and predicted 
signal to noise ratio. This plot is shown for graphical representation of various 
values in sequence. 
Fig. 6.44 Time scale graph for SR (Brass) for SNRA and PSNRA 
6.3.5 Analysis of Variance (ANOVA) for SR 
Table 6.40 ANOVA for SR (Brass) 
Source DF Seq SS Adj SS Adj MS F P Remarks
I 3 8.2094 8.2094 2.7365 2.93 0.201 
Ton 3 0.4954 0.4954 0.1651 0.18 0.906 
D 3 5.833 5.833 1.9443 2.08 0.282 
Dt 3 3.2966 3.2966 1.0989 1.18 0.449 
Error 3 2.8054 2.8054 0.9351   
Total 15 20.6398   
S = 0.967   RSq. = 86.41%   RSq. (adj) = 32.04%, Fcr = 3.285 
* - Significant 
Table 6.40 represents the analysis of variance for SR of Brass material for 
95% confidence level. From ANOVA it can be concluded that there are no 
factors significant to the SR of Brass material since F values are not higher 
than Fcr. This analysis is correct since corresponding p values are high.  
6.3.6 Empirical model using Regression analysis for SR 
Fig. 6.45 (a, b, c, d) shows fitted line plot for SR of Brass material vs. current, 
pulse on time, diameter and depth respectively.  This graph shows trend of 
SR.  As current increases SR increases (i.e. finishing deteriorates).  Whereas 
as pulse on time increases SR is showing a cubic trend. 
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 (a)      (b) 
 (c)      (d) 
Fig. 6.45 (a, b, c, d) Fitted line plot for SR (Brass) 
As diameter increases inittially SR is improving and then detoriates and as 
depth increases SR detoriates initially and later improving. However from 
Taguchi’s analysis we know that pulse on time and depth are least affecting 
the SR. These trends are plotted with curve fitting technique and also 
provides with equations which is not sufficient for analysis purpose since it will 
give only one variable at a time data. Hence regression analysis is done to 
find out the empirical model as theoretically explained in section 6.3.3. 
Empirical expressions have been developed to evaluate the relationship 
between input and output parameters. The output values of SR have been 
used to construct the empirical expressions.  
The developed empirical model for SR is given below: 
SR =  A(I)a(Ton)b(D)c(Dt)d        (6.22) 
By performing multi parameter linear regression analysis on the data 
regression constants are calculated which are as given as table 6.41. 
The equation for logSR is: 
logSR = -0.414+0.481log(I)+0.067log(Ton)+0.327log(D)+0.177log(Dt)  (6.23) 
The equation after taking antilog on both the sides for SR is: 
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SR = 0.385 . (I0.481 . Ton0.067 . D0.327 . Dt0.177)        (6.24) 
Table 6.41 Regression analysis for SR of Brass material 
Coefficients t Stat P-value 
Constant -0.414 -0.711 0.492 
I 0.481 2.466 0.031 
Ton 0.067 0.133 0.896 
D 0.327 1.265 0.232 
Dt 0.177 0.907 0.384 
S = 0.116, Rsq. = 76.24 %  Rsq(adj.) = 66.9%  
From eqn. 6.24 predicted values of SR can be calculated which is to be 
compared with experimental values for which error must be calculated. The 
predicted SR is calculated based on eqn. 6.24 and compared with 
experimental values. Error with the help of eqn. 6.7 is calculated.  
Table 6.42 Error for predicted SR and experimental SR (Brass) 
I Ton D Dt SR Pred. SR Error (%)
10 7 1.5 10 2.44 2.28 6.65 
10 8 2 15 2.95 2.71 8.07 
10 9 2.5 20 2.91 3.09 -6.29 
10 10 3 25 4.36 3.60 17.43 
15 7 2 20 4.26 3.44 19.32 
15 8 1.5 25 2.06 3.28 -59.46 
15 9 3 10 2.69 3.53 -31.18 
15 10 2.5 15 3.19 3.60 -12.79 
20 7 2.5 25 5.42 4.42 18.52 
20 8 3 20 3.67 4.55 -23.86 
20 9 1.5 15 3.6 3.47 3.51 
20 10 2 10 4.27 3.58 16.25 
25 7 3 15 3.72 4.34 -16.67 
25 8 2.5 10 5.34 4.22 21.01 
25 9 2 25 6.4 4.65 27.36 
25 10 1.5 20 3.52 4.10 -16.42 
Table 6.42 shows the comparision of predicted SR and experimental SR. 
Here error (%) is also tabulated. The average error for this equation is 1.3%. 
Also 68% of the points are withing 20% of the error which is acceptable. Fig. 
6.46 shows graph for actual SR and predicted SR. 
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Fig. 6.46 – Graph showing error between actual SR and predicted SR for 
Brass material 
It can be seen that values are very close for actual and predicted SR for Brass 
material and empirical model is predicting very much close values to the 
actual. 
6.3.7 Taguchi’s analysis for EWR 
Fig. 6.47 Main effects plot for S/N ratio for EWR of Brass material 
Fig. 6.47 shows main effects plot for S/N ratio for EWR vs. all input factors 
and Fig. 6.48 represents interaction plot of EWR.  Since it is always desirable 
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to achieve the lowest electrode wear smaller is better option is selected. From 
the above graph it can be seen that the least EWR is achieved at current of 
20A, pulse on time of 10μs, diameter of 1.5mm and 25mm depth. 
Fig. 6.48 Interaction plots for S/N ratio for EWR of Brass material 
Table 6.43 Response Table for S/N Ratios for EWR of Brass material 
 
Level I Ton D Dt 
1 -33.73 -35.01 -39.76 -34.57 
2 -35.92 -35.51 -36.68 -34.12 
3 -36.65 -35.19 -32.95 -36.57 
4 -35.98 -36.57 -32.9 -37.03 
Delta 2.91 1.56 6.87 2.9 
Rank 2 4 1 3 
Table 6.43 shows response table for signal to noise ratio for EWR of Brass 
material. This response table represents the effects of various input factors on 
EWR. Here according to ranks, the effects of various input factors on EWR in 
sequence of its effect are diameter, current, depth and pulse on time. That 
means diameter affects the EWR at the highest level and pulse on time at the 
lowest level. However the effect of depth needed to be seen since the value of 
delta is nearer to the corresponding value of current. 
Table 6.44 shows the values of signal to noise ratio (SNRA) and Predicted 
signal to noise ratio (PSNRA) for EWR of Brass material. The values of 
predicted signal to noise is very much close to the calculated signal to noise 
values hence the analysis of Taguchi for signal to noise ratio is correct. The 
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representation of effects of various parameters on EWR and optimise 
condition is very much nearby. 
Table 6.44 S/N ratio and Predicted S/N ratio for EWR of Brass 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.49 Time scale graph for EWR (Brass) for SNRA and PSNRA 
Fig. 6.49 represents time scale plot of signal to noise ratio and predicted 
signal to noise ratio. This plot is shown for graphical representation of various 
values in sequence. 
 
I Ton D Dt SNRA PSNRA 
10 7 1.5 10 -36.26 -36.36 
10 8 2 15 -34.54 -33.33 
10 9 2.5 20 -30.88 -31.73 
10 10 3 25 -33.26 -33.51 
15 7 2 20 -37.21 -37.46 
15 8 1.5 25 -40.67 -41.51 
15 9 3 10 -33.06 -31.86 
15 10 2.5 15 -32.74 -32.84 
20 7 2.5 25 -36.12 -34.92 
20 8 3 20 -34.81 -34.91 
20 9 1.5 15 -38.76 -39.01 
20 10 2 10 -36.90 -37.75 
25 7 3 15 -30.46 -31.30 
25 8 2.5 10 -32.04 -32.30 
25 9 2 25 -38.06 -38.17 
25 10 1.5 20 -43.38 -42.17 
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6.3.8 Analysis of Variance (ANOVA) for EWR 
Table 6.45 ANOVA for EWR (Brass) 
Source DF Seq SS Adj SS Adj MS F P Remarks
I 3 1416.5 1416.5 472.2 1.79 0.322 
Ton 3 753.1 753.1 251 0.95 0.515 
D 3 8611.1 8611.1 2870.4 10.89 0.04 * 
Dt 3 1854.2 1854.2 618.1 2.35 0.251 
Error 3 790.6 790.6 263.5   
Total 15 13425.5   
S = 16.23   RSq. = 94.11%   RSq. (adj) = 70.56%, Fcr = 3.285 
* - Significant 
Table 6.45 represents the analysis of variance for EWR of Brass material for 
95% confidence level. From ANOVA it can be concluded that diameter is 
significant factor to the EWR of Brass material since F values is higher than 
Fcr. This analysis is correct since corresponding p values are small.  
6.3.9 Empirical model using Regression analysis for EWR 
(a)       (b) 
(c)      (d) 
Fig. 6.50 (a, b, c, d) Fitted line plot for EWR (Brass) 
Fig. 6.50 (a, b, c, d) shows fitted line plot for EWR of Brass material vs. 
current, pulse on time, diameter and depth respectively.  This graph shows 
trend of EWR.  As current pulse on time and depth increases EWR increases.  
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Whereas diameter increases EWR decreases.  These trends are plotted with 
curve fitting technique and also provides with equations which is not sufficient 
for analysis purpose since it will give only one variable at a time data. Hence 
regression analysis is done to find out the empirical model as theoretically 
explained in section 6.3.3. 
Empirical expressions have been developed to evaluate the relationship 
between input and output parameters. The output values of EWR have been 
used to construct the empirical expressions.  
The developed empirical model for EWR is given below: 
EWR  = A(I)a(Ton)b(D)c(Dt)d        (6.25) 
By performing multi parameter linear regression analysis on the data 
regression constants are calculated which are as given as follows : 
Table 6.46 Regression analysis for EWR of Brass material 
Coefficients t Stat P-value 
Constant 1.01 2.36 0.04 
I 0.31 2.17 0.05 
Ton 0.41 1.11 0.29 
D -1.24 -6.52 0.00 
Dt 0.35 2.46 0.03 
S = 0.085, Rsq. = 83.21 %  Rsq(adj.) = 77.11%  
The equation for log EWR is: 
logEWR = 1.01+0.31log(I)+0.41log(Ton)–1.24log(D)+0.35log(Dt)    (6.26) 
The equation after taking antilog on both the sides for EWR is: 
EWR = 10.233 . (I0.31 . Ton0.41  . Dt0.35 )/( D1.24)              (6.27) 
From eqn. 6.27 predicted values of EWR can be calculated which is to be 
compared with experimental values for which error must be calculated. The 
predicted EWR is calculated based on eqn. 6.27 and compared with 
experimental values. Error with the help of eqn. 6.7 is calculated.  
Table 6.47 shows the comparision of predicted EWR and experimental EWR. 
Here error (%) is also tabulated. The average error for this equation is 0.44%. 
Also 81% of the points are withing 20% of the error which is acceptable. Fig. 
6.51 shows graph for actual EWR and predicted EWR. It can be seen that 
values are very close for actual and predicted EWR for Brass material and 
empirical model is predicting very much close values to the actual. 
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Table 6.47 Error for predicted EWR and experimental EWR (Brass) 
I Ton D Dt EWR Pred. EWR Error (%)
10 7 1.5 10 65 62.83 3.34 
10 8 2 15 53.33 53.53 -0.38 
10 9 2.5 20 35 47.11 -34.61 
10 10 3 25 46 42.43 7.77 
15 7 2 20 72.5 63.56 12.33 
15 8 1.5 25 108 103.70 3.98 
15 9 3 10 45 33.43 25.70 
15 10 2.5 15 43.33 50.44 -16.41 
20 7 2.5 25 64 56.97 10.98 
20 8 3 20 55 44.39 19.28 
20 9 1.5 15 86.67 99.50 -14.81 
20 10 2 10 70 63.10 9.85 
25 7 3 15 33.33 40.72 -22.19 
25 8 2.5 10 40 46.79 -16.98 
25 9 2 25 80 89.25 -11.56 
25 10 1.5 20 147.5 123.13 16.52 
 
 
Fig. 6.51 – Graph showing error between actual EWR and predicted EWR 
for Brass material 
6.3.10 Taguchi’s analysis for deflection 
Fig. 6.52 shows main effects plot for S/N ratio for deflection vs. all input 
factors and Fig. 6.53 represents interaction plot of deflection.  Since it is 
always desirable to achieve the lowest deflection smaller is better option is 
selected. From the above graph it can be seen that the least deflection is 
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achieved at current of 25A, pulse on time of 8μs, diameter of 2mm and 25mm 
depth. 
Fig. 6.52 Main effects plot for S/N ratio for deflection of Brass material 
Fig. 6.53 Interaction plots for S/N ratio for deflection of Brass material 
Table 6.48 shows response table for signal to noise ratio for deflection of 
Brass material. This response table represents the effects of various input 
factors on deflection.  
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Table 6.48 Response Table for S/N Ratios for deflection of Brass 
material 
Level I Ton D Dt 
1 21.5 19.51 20.79 23.1 
2 19.01 16.95 16.73 19.65 
3 17.8 19.97 19.11 16.69 
4 16.62 18.49 18.29 15.49 
Delta 4.88 3.02 4.06 7.61 
Rank 2 4 3 1 
Here according to ranks, the effects of various input factors on deflection in 
sequence of its effect are depth, current, diameter and pulse on time. That 
means depth affects the deflection at the highest level and pulse on time at 
the lowest level. However the effect of diameter and pulse on time needed to 
be seen since the value of delta is nearer to the corresponding value of 
current. 
Table 6.49 S/N ratio and Predicted S/N ratio for deflection of Brass 
 
 
 
 
 
 
 
 
 
 
 
Table 6.49 shows the values of signal to noise ratio (SNRA) and Predicted 
signal to noise ratio (PSNRA) for deflection of Brass material. The values of 
predicted signal to noise is very much close to the calculated signal to noise 
values hence the analysis of Taguchi for signal to noise ratio is correct. The 
representation of effects of various parameters on deflection and optimise 
condition is very much nearby. 
I Ton D Dt SNRA PSNRA 
10 7 1.5 10 29.90 28.70 
10 8 2 15 18.85 18.63 
10 9 2.5 20 21.38 21.08 
10 10 3 25 15.86 17.57 
15 7 2 20 14.03 15.74 
15 8 1.5 25 16.34 16.04 
15 9 3 10 24.39 24.18 
15 10 2.5 15 21.27 20.07 
20 7 2.5 25 15.92 15.71 
20 8 3 20 14.74 13.54 
20 9 1.5 15 20.30 22.01 
20 10 2 10 20.22 19.92 
25 7 3 15 18.17 17.88 
25 8 2.5 10 17.88 19.59 
25 9 2 25 13.82 12.62 
25 10 1.5 20 16.61 16.40 
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Fig. 6.54 represents time scale plot of signal to noise ratio and predicted 
signal to noise ratio. This plot is shown for graphical representation of various 
values in sequence. 
Fig. 6.54 Time scale graph for deflection (Brass) for SNRA and PSNRA 
6.3.11 Analysis of Variance (ANOVA) for deflection 
Table 6.50 ANOVA for deflection (Brass) 
Source DF Seq SS Adj SS Adj MS F P Remarks
I 3 0.005806 0.005806 0.001935 2.61 0.226 
Ton 3 0.002234 0.002234 0.000745 1 0.499 
D 3 0.005091 0.005091 0.001697 2.29 0.257 
Dt 3 0.021003 0.021003 0.007001 9.45 0.049 * 
Error 3 0.002223 0.002223 0.000741   
Total 15 0.036357   
S = 0.0272   RSq. = 93.88%   RSq. (adj) = 69.42%, Fcr = 3.285 
* - Significant 
Table 6.50 represents the analysis of variance for deflection of Brass material 
for 95% confidence level. From ANOVA it can be concluded that depth is 
significant factor affecting to the deflection of Brass material since F values 
are not higher than Fcr. 
6.3.12 Regression analysis for deflection 
Fig. 6.55 (a, b, c, d) shows fitted line plot for deflection of Brass material vs. 
current, pulse on time, diameter and depth respectively.  This graph shows 
trend of deflection. 
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 Deflection curve is linear for current and depth, cubic for pulse on time and 
diameter. As current and depth increases deflection increases. 
 
 
 
 
 
(a)        (b) 
 
 
 
 
  
(c)       (d) 
Fig. 6.55 (a, b, c, d) Fitted line plot for deflection (Brass) 
As pulse on time and diameter increases deflection increases intially further 
increase decrease in deflection i.e. uneven trend is seen in the graph of 
deflection vs. pulse on time and diameter. 
Deflection is one of the dimensional characteristic. For dimensional 
characteristics generally empirical relationships are not given because these 
are process characteristics. For process characteristics capability of the 
machine is the aspect one has to see. However Fig. 6.55(a, b, c,d) give some 
idea about relationship of this characteristics with input factor. The other 
factors that affects the deflection is the trueness of the slide, holding of the 
workpiece, electrode guide runout, electrode spindle runout etc. 
6.3.13 Taguchi’s analysis for circularity 
Fig. 6.56 shows main effects plot for S/N ratio for circularity vs. all input 
factors and Fig. 6.57 represents interaction plot of circularity.  Since it is 
always desirable to achieve the lowest circularity smaller is better option is 
selected. From the above graph it can be seen that the least circularity is 
achieved at current of 15A, pulse on time of 9μs, diameter of 3mm and 15mm 
depth. 
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Fig. 6.56 Main effects plot for S/N ratio for circularity of Brass material 
Fig. 6.57 Interaction plots for S/N ratio for circularity of Brass material 
Table 6.51 shows response table for signal to noise ratio for circularity of 
Brass material. This response table represents the effects of various input 
factors on circularity. Here according to ranks, the effects of various input 
factors on circularity in sequence of its effect are current, depth, pulse on time 
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and diameter. That means current affects the circularity at the highest level 
and depth at the lowest level. 
Table 6.51 Response Table for S/N Ratios for circularity of Brass 
material 
Level I Ton D Dt 
1 40.76 34.04 34.46 35.37 
2 28.69 34.46 33.93 26.18 
3 29.35 28.48 31.59 34.38 
4 32.54 34.37 31.38 35.42 
Delta 12.07 5.98 3.08 9.24 
Rank 1 3 4 2 
 
Table 6.52 shows the values of signal to noise ratio (SNRA) and Predicted 
signal to noise ratio (PSNRA) for circularity of Brass material. The values of 
predicted signal to noise is very much close to the calculated signal to noise 
values hence the analysis of Taguchi for signal to noise ratio is correct. 
Table 6.52 S/N ratio and Predicted S/N ratio for circularity of Brass 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.58 represents time scale plot of signal to noise ratio and predicted 
signal to noise ratio. This plot is shown for graphical representation of various 
values in sequence. 
 
I Ton D Dt SNRA PSNRA 
10 7 1.5 10 44.44 46.12 
10 8 2 15 33.56 36.81 
10 9 2.5 20 43.10 36.69 
10 10 3 25 41.94 43.41 
15 7 2 20 31.06 32.53 
15 8 1.5 25 40.92 34.51 
15 9 3 10 22.16 25.41 
15 10 2.5 15 20.63 22.31 
20 7 2.5 25 28.64 31.89 
20 8 3 20 29.37 31.05 
20 9 1.5 15 18.49 19.96 
20 10 2 10 40.92 34.51 
25 7 3 15 32.04 25.63 
25 8 2.5 10 33.98 35.45 
25 9 2 25 30.17 31.86 
25 10 1.5 20 33.98 37.23 
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Fig. 6.58 Time scale graph for circularity (Brass) for SNRA and PSNRA 
6.3.14 Analysis of Variance (ANOVA) for circularity 
Table 6.53 ANOVA for circularity (Brass) 
Source DF Seq SS Adj SS Adj MS F P Remarks
I 3 0.0049 0.0049 0.0016 1.94 0.3 
Ton 3 0.0035 0.0035 0.0012 1.4 0.394 
D 3 0.0008 0.0008 0.0003 0.3 0.824 
Dt 3 0.0051 0.0051 0.0017 2 0.292 
Error 3 0.0025 0.0025 0.0008 
Total 15 0.0168 
S = 0.012   RSq. = 84.95%   RSq. (adj) = 24.74%, Fcr = 3.285 
* - Significant 
Table 6.53 represents the analysis of variance for circularity of Brass material 
for 95% confidence level. From ANOVA it can be concluded that there are no 
factors significant to the circularity of Brass material since F values are not 
higher than Fcr. 
6.3.15 Regression analysis for circularity 
Fig. 6.59 (a, b, c, d) shows fitted line plot for circularity of Brass material vs. 
current, pulse on time, diameter and depth respectively.  This graphs show 
trends of circularity.  Circularity curve is quadratic for current, linear for pulse 
on time and depth and cubic for  pulse on time. As current increases 
circularity increases intially but further increase causes decrease in circularity. 
As pulse on time increases circularity increases. As diameter increases 
circularity decreases initially but furhter increase in diameter circularity 
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increases. Increse in depth causes decrease in circularity. Circularity is also 
one of the dimensional characteristic. The other factors that affects the 
circularity is the holding of the workpiece, electrode guide runout, electrode 
spindle runout, flushing pressure uniformity, centrifugal force genration in 
electrode etc. 
(a)        (b) 
(c)       (d) 
Fig. 6.59 (a, b, c, d) Fitted line plot for circularity (Brass) 
6.3.16 Taguchi’s analysis for cylindricity 
Fig. 6.60 shows main effects plot for S/N ratio for cylindricity vs. all input 
factors and Fig. 6.61 represents interaction plot of cylindricity.  Since it is 
always desirable to achieve the lowest cylindricity smaller is better option is 
selected. From the above graph it can be seen that the least cylindricity is 
achieved at current of 25A, pulse on time of 7μs, diameter of 3mm and 25mm 
depth. 
Table 6.54 shows response table for signal to noise ratio for cylindricity of 
Brass material. This response table represents the effects of various input 
factors on cylindricity. Here according to ranks, the effects of various input 
factors on cylindricity in sequence of its effect are depth, diameter, current 
and pulse on time. 
 
162 
 
Fig. 6.60 Main effects plot for S/N ratio for cylindricity of Brass material 
 Fig. 6.61 Interaction plots for S/N ratio for cylindricity of Brass material 
That means depth affects the cylindricity at the highest level and pulse on 
time at the lowest level. However the effect of current and diameter needed to 
be seen since the value of delta are nearer. 
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Table 6.54 Response Table for S/N Ratios for cylindricity of Brass 
material 
 
Level I Ton D Dt 
1 23.86 23.49 25.3 24.7 
2 23.05 20.27 20.42 22.75 
3 20.21 23.05 21.35 20.52 
4 20.18 20.49 20.24 19.33 
Delta 3.67 3.23 5.06 5.36 
Rank 3 4 2 1 
Table 6.55 shows the values of signal to noise ratio (SNRA) and Predicted 
signal to noise ratio (PSNRA) for cylindricity of Brass material. The values of 
predicted signal to noise is very much close to the calculated signal to noise 
values hence the analysis of Taguchi for signal to noise ratio is correct. 
Fig. 6.62 represents time scale plot of signal to noise ratio and predicted 
signal to noise ratio. This plot is shown for graphical representation of various 
values in sequence. 
Table 6.55 S/N ratio and Predicted S/N ratio for cylindricity of Brass 
I Ton D Dt SNRA PSNRA 
10 7 1.5 10 34.89 31.87 
10 8 2 15 21.62 21.82 
10 9 2.5 20 23.22 23.30 
10 10 3 25 15.70 18.45 
15 7 2 20 19.25 22.00 
15 8 1.5 25 22.38 22.46 
15 9 3 10 25.35 25.55 
15 10 2.5 15 25.19 22.17 
20 7 2.5 25 18.71 18.91 
20 8 3 20 18.79 15.76 
20 9 1.5 15 23.10 25.84 
20 10 2 10 20.26 20.35 
25 7 3 15 21.11 21.19 
25 8 2.5 10 18.27 21.02 
25 9 2 25 20.54 17.51 
25 10 1.5 20 20.82 21.02 
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Fig. 6.62 Time scale graph for cylindricity (Brass) for SNRA and PSNRA 
6.3.17 Analysis of Variance (ANOVA) for cylindricity 
Table 6.56 ANOVA for cylindricity (Brass) 
Source DF Seq SS Adj SS Adj MS F P Remarks
I 3 0.001903 0.001903 0.000634 0.42 0.753 
Ton 3 0.002396 0.002396 0.000799 0.53 0.694 
D 3 0.003797 0.003797 0.001266 0.84 0.557 
Dt 3 0.004361 0.004361 0.001454 0.96 0.513 
Error 3 0.004544 0.004544 0.001515
Total 15 0.017 
S = 0.0389  RSq. = 73.27%   RSq. (adj) = 39.88%, Fcr = 3.285 
* - Significant 
Table 6.56 represents the analysis of variance for cylindricity of Brass material 
for 95% confidence level. From ANOVA it can be concluded that there are no 
factors significant to the cylindricity of Brass material since F values are not 
higher than Fcr. 
6.3.18 Regression analysis for cylindricity  
Fig. 6.63(a,b,c,d) show fitted line plot for cylindricity. As current, diatmeter and 
depth increases cylindricity increases. As pulse on time increases cylindricity 
increases initially but further increase causes decrease in cylindricity.  
Cylindricity is also one of the dimensional characteristic. The other factors that 
affects the cylindricity is the holding of the workpiece, electrode guide runout, 
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electrode spindle runout, flushing pressure uniformity, centrifugal force 
genration in electrode etc. 
 
 
 
 
 
 
(a)        (b) 
(c)       (d) 
Fig. 6.63 (a, b, c, d) Fitted line plot for cylindricity (Brass) 
6.3.19 Taguchi’s analysis for taper 
Fig. 6.64 shows main effects plot for S/N ratio for taper vs. all input factors 
and Fig. 6.65 represents interaction plot of taper.  Since it is always desirable 
to achieve the lowest taper smaller is better option is selected. 
Table 6.57 Response Table for S/N Ratios for taper of Brass material 
 
Level I Ton D Dt 
1 5.8589 3.6125 3.7006 1.7894 
2 5.8087 4.2651 4.396 3.818 
3 5.2565 4.4832 5.4803 6.0636 
4 0.8628 5.4262 4.21 6.1158 
Delta 4.9961 1.8137 1.7797 4.3264 
Rank 1 3 4 2 
From the graph it can be seen that the least taper is achieved at current of 
25A, pulse on time of 7μs, diameter of 1.5mm and 10mm depth. Table 6.57 
shows response table for signal to noise ratio for taper of Brass material. This 
response table represents the effects of various input factors on taper. Here 
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according to ranks, the effects of various input factors on taper in sequence of 
its effect are current, depth, pulse on time and diameter. That means current 
affects the taper at the highest level and diameter at the lowest level. 
Fig. 6.64 Main effects plot for S/N ratio for taper of Brass material 
Fig. 6.65 Interaction plots for S/N ratio for taper of Brass material 
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Table 6.58 S/N ratio and Predicted S/N ratio for taper of Brass 
 
 
 
 
 
 
 
 
 
 
 
Table 6.58 shows the values of signal to noise ratio (SNRA) and Predicted 
signal to noise ratio (PSNRA) for taper of Brass material. The values of 
predicted signal to noise is very much close to the calculated signal to noise 
values hence the analysis of Taguchi for signal to noise ratio is correct. 
Fig. 6.66 Time scale graph for taper (Brass) for SNRA and PSNRA 
I Ton D Dt SNRA PSNRA 
10 7 1.5 10 0.92 1.62 
10 8 2 15 6.22 5.00 
10 9 2.5 20 10.03 8.55 
10 10 3 25 6.27 8.27 
15 7 2 20 4.54 6.54 
15 8 1.5 25 8.04 6.55 
15 9 3 10 4.17 2.95 
15 10 2.5 15 6.49 7.19 
20 7 2.5 25 8.34 7.12 
20 8 3 20 5.75 6.46 
20 9 1.5 15 1.92 3.92 
20 10 2 10 5.01 3.53 
25 7 3 15 0.65 -0.84 
25 8 2.5 10 -2.94 -0.94 
25 9 2 25 1.82 2.52 
25 10 1.5 20 3.93 2.71 
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Fig. 6.66 represents time scale plot of signal to noise ratio and predicted 
signal to noise ratio. This plot is shown for graphical representation of various 
values in sequence. 
6.3.20 Analysis of Variance (ANOVA) for taper 
Table 6.59 ANOVA for taper (Brass) 
Source DF Seq SS Adj SS Adj MS F P Remarks
I 3 0.48482 0.48482 0.16161 2.26 0.261 
Ton 3 0.07006 0.07006 0.02335 0.33 0.809 
D 3 0.01011 0.01011 0.00337 0.05 0.984 
Dt 3 0.33823 0.33823 0.11274 1.57 0.359 
Error 3 0.21495 0.21495 0.07165
Total 15 1.11817
S = 0.268   RSq. = 80.78%   RSq. (adj) = 3.88%, Fcr = 3.285 
* - Significant 
Table 6.59 represents the analysis of variance for taper of Brass material for 
95% confidence level. From ANOVA it can be concluded that there are no 
factors significant to the taper of Brass material since F values are not higher 
than Fcr. 
6.3.21 Regression analysis for taper 
 (a)        (b) 
 (c)       (d) 
Fig. 6.67 (a, b, c, d) Fitted line plot for taper (Brass) 
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Fig. 6.67 (a, b, c, d) shows fitted line plot for taper of Brass material vs. 
current, pulse on time, diameter and depth respectively.  This graphs show 
trends of taper.  Taper curve is quadratic for current, linear for pulse on time 
and depth and flat for diameter. As current increases taper increases. As 
pulse on time and depth increases taper decreases. 
Taper is also one of the dimensional characteristic. The other factors that 
affects the taper is the holding of the workpiece, accuracy of guide, electrode 
guide runout, electrode spindle runout, flushing pressure uniformity etc. 
6.3.22 Taguchi’s analysis for hardness 
Table 6.60 Response Table for S/N Ratios for hardness of Brass material 
Level I Ton D Dt 
1 -29.08 -28.89 -28.61 -29.5 
2 -30.26 -29.14 -27.59 -27.76 
3 -26.21 -27.7 -28.06 -29.55 
4 -28.35 -28.17 -29.64 -27.09 
Delta 4.06 1.44 2.05 2.46 
Rank 1 4 3 2 
 
Fig. 6.68 Main effects plot for S/N ratio for hardness of Brass material 
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Fig. 6.69 Interaction plots for S/N ratio for hardness of Brass material 
Fig. 6.68 shows main effects plot for S/N ratio for hardness vs. all input factors 
and Fig. 6.69 represents interaction plot of hardness.  Since it is always 
desirable to achieve the lower increase in hardness smaller is better option is 
selected. From the graph it can be seen that the least hardness is achieved at 
current of 15A, pulse on time of 8μs, diameter of 3mm and 20mm depth. 
Table 6.60 shows response table for signal to noise ratio for hardness of 
Brass material. This response table represents the effects of various input 
factors on hardness. Here according to ranks, the effects of various input 
factors on hardness in sequence of its effect are current, depth, diameter and 
pulse on time. That means current affects the hardness at the highest level 
and pulse on time at the lowest level. However the effect of diameter needed 
to be seen since the value of delta are nearer to corresponding value of 
depth. 
Table 6.61 shows the values of signal to noise ratio (SNRA) and Predicted 
signal to noise ratio (PSNRA) for hardness of Brass material. The values of 
predicted signal to noise is very much close to the calculated signal to noise 
values hence the analysis of Taguchi for signal to noise ratio is correct. 
Fig. 6.70 represents time scale plot of signal to noise ratio and predicted 
signal to noise ratio. This plot is shown for graphical representation of various 
values in sequence. 
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Table 6.61 S/N ratio and Predicted S/N ratio for hardness of Brass 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.70 Time scale graph for hardness (Brass) for SNRA and PSNRA 
6.3.23 Analysis of Variance (ANOVA) for hardness 
Table 6.62 represents the analysis of variance for hardness of Brass material 
for 95% confidence level. From ANOVA it can be concluded that diameter and 
depth are significant factors to the hardness of Brass material since F values 
is higher than Fcr. 
I Ton D Dt SNRA PSNRA 
10 7 1.5 10 -31.36 -30.65 
10 8 2 15 -26.85 -28.15 
10 9 2.5 20 -30.88 -28.97 
10 10 3 25 -27.23 -28.56 
15 7 2 20 -29.54 -30.87 
15 8 1.5 25 -31.60 -29.68 
15 9 3 10 -30.37 -31.67 
15 10 2.5 15 -29.54 -28.83 
20 7 2.5 25 -23.52 -24.82 
20 8 3 20 -29.83 -29.11 
20 9 1.5 15 -23.52 -24.85 
20 10 2 10 -27.96 -26.04 
25 7 3 15 -31.13 -29.21 
25 8 2.5 10 -28.30 -29.63 
25 9 2 25 -26.02 -25.31 
25 10 1.5 20 -27.96 -29.26 
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Table 6.62 ANOVA for hardness (Brass) 
Source DF Seq SS Adj SS Adj MS F P Remarks
I 3 268.69 268.69 89.56 0.96 0.513 
Ton 3 52.69 52.69 17.56 0.19 0.898 
D 3 94.69 94.69 31.56 0.34 0.802 
Dt 3 121.69 121.69 40.56 0.43 0.744 
Error 3 280.19 280.19 93.4 
Total 15 817.94 
S = 9.66   RSq. = 65.74%   RSq. (adj) = 38.87%, Fcr = 3.285 
* - Significant 
This analysis is correct since corresponding p values are small. Remaining 
factors current and pulse on time are not significantly affecting the process for 
increase in hardness since corresponding F values are smaller than Fcr. 
6.3.24 Regression analysis for hardness 
Fig. 6.71 (a, b, c, d) shows fitted line plot for hardness of Brass material vs. 
current, pulse on time, diameter and depth respectively.  This graphs show 
trends of hardness.  Hardness curve is cubic for current and depth, linear for 
pulse  time and quadratic for depth. As current increases hardness increases 
little initially and later decreases. 
 
 
 
 
 
(a)        (b) 
(c)       (d) 
Fig. 6.71 (a, b, c, d) Fitted line plot for hardness (Brass) 
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As pulse on time increases hardness of the material decreases. As diameter 
increases hardness decreases initially and later increaseses. As depth 
increases hardness decreases intially and later incresing and decreasing 
trend is seen. With depth uneven trend is observed.  
Regression analysis is done to find out the empirical model as theoretically 
explained in section 6.3.3. 
Empirical expressions have been developed to evaluate the relationship 
between input and output parameters. The output values of increase in 
hardness have been used to construct the empirical expressions.  
The developed empirical model for increase in hardness is given below: 
Increase in Hardness  = A(I)a(Ton)b(D)c(Dt)d     (6.28) 
By performing multi parameter linear regression analysis on the data 
regression constants are calculated which are as given as follows : 
Table 6.63 Regression analysis for hardness of Brass material 
Coefficients t Stat P-value 
Constant 2.23 3.29 0.01 
I -0.24 -1.04 0.32 
Ton -0.35 -0.59 0.56 
D 0.15 0.49 0.64 
Dt -0.20 -0.87 0.40 
S = 0.135, Rsq. = 89.56 %  Rsq(adj.) = 83.34%  
The equation for log increase in  is: 
loghardness = 2.23-0.24log(I)-0.35log(Ton)+0.15log(D)-0.2 log(Dt)   (6.29) 
The equation after taking antilog on both the sides for increase in hardness is: 
Increase in hardness = 169.82 . (D0.15) / (I0.24 . Ton0.35. Dt0.2)  (6.30) 
From eqn. 6.30 predicted values of hardness can be calculated which is to be 
compared with experimental values for which error must be calculated. The 
predicted hardness is calculated based on eqn. 6.30 and compared with 
experimental values. Error with the help of eqn. 6.7 is calculated.  
Table 6.64 shows the comparision of predicted hardness and experimental 
hardness. Here error (%) is also tabulated. 
The average error for this equation is 2.76%. Also 68.75% of the points are 
withing 20% of the error which is acceptable. Fig. 6.72 shows graph for actual 
increase in hardness and predicted increase in hardness. It can be seen that 
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values are very close for actual and predicted hardness for Brass material and 
empirical model is predicting very much close values to the actual. 
Table 6.64 Error for predicted and experimental increase hardness 
(Brass) 
I Ton D Dt Hardness Pred. Error (%)
10 7 1.5 10 37 33.16 10.38 
10 8 2 15 22 30.47 -38.49 
10 9 2.5 20 35 28.54 18.45 
10 10 3 25 23 27.04 -17.56 
15 7 2 20 30 27.35 8.85 
15 8 1.5 25 38 23.90 37.09 
15 9 3 10 33 30.57 7.36 
15 10 2.5 15 30 26.44 11.88 
20 7 2.5 25 15 25.24 -68.26 
20 8 3 20 31 25.88 16.50 
20 9 1.5 15 15 23.71 -58.07 
20 10 2 10 25 25.88 -3.50 
25 7 3 15 36 27.23 24.36 
25 8 2.5 10 26 27.42 -5.47 
25 9 2 25 20 21.19 -5.93 
25 10 1.5 20 25 20.45 18.20 
 
 
 
 
 
 
 
 
 
Fig. 6.72 – Graph showing error between actual hardness and predicted 
hardness for Brass material 
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6.4 ANALYSIS FOR EN31 MATERIAL 
6.4.1 Taguchi’s analysis for MRR 
Fig. 6.73 Main effects plot for S/N ratio for MRR of EN31 material 
Fig. 6.74 Interaction plots for S/N ratio for MRR of EN31 material 
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Fig. 6.73 shows main effects plot for S/N ratio for MRR vs. all input factors 
and Fig. 6.74 represents interaction plot of MRR.  Since it is always desirable 
to maximise the MRR larger is better option is selected. From the above 
graph it can be seen that highest MRR is achieved at current of 25A, pulse on 
time of 10μs, diameter of 1.5mm and 25mm depth. 
Table 6.65 Response Table for S/N Ratios for MRR of EN31 material 
 
Level I Ton D Dt 
1 12.64 20.78 23.12 21.94 
2 20.27 22.27 19.93 20.65 
3 26.06 21.3 21.7 20.45 
4 27.89 22.51 22.1 23.83 
Delta 15.25 1.72 3.19 3.39 
Rank 1 4 3 2 
Table 6.65 shows response table for signal to noise ratio for MRR of EN31 
material. Here according to ranks, the effects of various input factors on MRR 
in sequence of its effect are current, depth, diameter and pulse on time. That 
means current affects the MRR at highest level and pulse on time at lowest 
level. 
Table 6.66 shows the values of signal to noise ratio (SNRA) and Predicted 
signal to noise ratio (PSNRA) for MRR of EN31 material. The values of 
predicted signal to noise is very much close to the calculated signal to noise 
values hence the analysis of Taguchi for signal to noise ratio is correct. 
Fig. 6.75 represents time scale plot of signal to noise ratio and predicted 
signal to noise ratio. This plot is shown for graphical representation of various 
values in sequence. 
Fig. 6.75 Time scale graph for MRR (EN31) for SNRA and PSNRA 
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Table 6.66 S/N ratio and Predicted S/N ratio for MRR of EN31 
 
 
 
 
 
 
 
 
 
 
 
6.4.2 Analysis of Variance (ANOVA) for MRR 
Table 6.67 ANOVA for MRR (EN31) 
Source DF Seq SS Adj SS Adj MS F P Remarks
I 3 999.841 999.841 333.28 70.8 0.003 * 
Ton 3 29.828 29.828 9.943 2.11 0.277 
D 3 21.915 21.915 7.305 1.55 0.363 
Dt 3 35.106 35.106 11.702 2.49 0.237 
Error 3 14.121 14.121 4.707   
Total 15 1100.811   
S = 2.169 RSq. = 98.72%   RSq. (adj) = 93.59% Fcr = 3.285 
* - Significant 
Table 6.67 represents the analysis of variance for MRR of EN31 material for 
95% confidence level. From ANOVA it can be concluded that current is 
significant factor affecting the MRR of EN31 material since respective F 
values are higher than Fcr. This analysis is correct since corresponding p 
values are small. 
6.4.3 Empirical model using Regression analysis for MRR  
Fig. 6.76 (a, b, c, d) shows fitted line plot for MRR of EN31 material vs. 
current, pulse on time, diameter and depth respectively.  This graph shows 
trend of MRR. 
I Ton D Dt SNRA PSNRA 
10 7 1.5 10 13.46 13.34 
10 8 2 15 8.97 10.35 
10 9 2.5 20 11.79 10.94 
10 10 3 25 16.34 15.94 
15 7 2 20 16.69 16.28 
15 8 1.5 25 25.19 24.35 
15 9 3 10 19.09 20.46 
15 10 2.5 15 20.11 19.98 
20 7 2.5 25 25.86 27.23 
20 8 3 20 25.86 25.73 
20 9 1.5 15 26.39 25.99 
20 10 2 10 26.14 25.29 
25 7 3 15 27.12 26.28 
25 8 2.5 10 29.06 28.65 
25 9 2 25 27.94 27.81 
25 10 1.5 20 27.44 28.82 
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(a)       (b) 
 
 
 
 
 
(c)       (d) 
Fig. 6.76 (a, b, c, d) Fitted line plot for MRR (EN31) 
As current increases MRR increases.  Whereas as flat trend is seen for pulse 
on time, diameter and depth. Empirical expressions have been developed to 
evaluate the relationship between input and output parameters. The output 
values of MRR have been used to construct the empirical expressions.   
The developed empirical model for MRR is given below: 
MRR =  A(I)a(Ton)b(D)c(Dt)d       (6.31) 
By performing multi parameter linear regression analysis on the data 
regression constants are calculated which are as given as follows : 
Table 6.68 Regression analysis for MRR of EN31 material 
Coefficients t Stat P-value 
Constant -1.861 -2.935 0.014 
I 1.982 9.316 0.000 
Ton 0.411 0.749 0.469 
D -0.108 -0.382 0.710 
Dt 0.154 0.721 0.486 
S = 0.127, Rsq. = 88.89 %  Rsq(adj.) = 84.85%  
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The equation for log MRR is: 
logMRR= -1.861+1.982log(I)+0.4111log(Ton)-0.108log(D)+0.154log(Dt)  (6.32) 
The equation after taking antilog on both the sides for MRR is: 
MRR = 0.0137. (I1.982 . Ton0.411.Dt0.154)/ ( D0.108)    (6.33) 
The predicted MRR is calculated based on eqn. 6.33 and compared with 
experimental values. Error with the help of eqn. 6.33 is calculated. Table 6.69 
shows the comparision of predicted MRR and experimental MRR. Here error 
(%) is also tabulated. The average error for this equation is 2.51%. Also 63% 
of the points are withing 20% of the error which is acceptable. Fig. 6.77 shows 
graph for actual MRR and predicted MRR. It can be seen that values are very 
close for actual and predicted MRR for EN31 material and empirical model is 
predicting very much close values to the actual.  
Table 6.69 Error for predicted MRR and experimental MRR (EN31) 
I Ton D Dt MRR Pred. MRR Error (%)
10 7 1.5 10 4.71 3.99 15.32 
10 8 2 15 2.81 4.35 -54.81 
10 9 2.5 20 3.89 4.66 -19.92 
10 10 3 25 6.56 4.94 24.79 
15 7 2 20 6.83 9.61 -40.78 
15 8 1.5 25 18.18 10.84 40.36 
15 9 3 10 9.00 9.17 -1.84 
15 10 2.5 15 10.13 10.40 -2.65 
20 7 2.5 25 19.64 17.18 12.51 
20 8 3 20 19.64 17.19 12.43 
20 9 1.5 15 20.87 18.61 10.86 
20 10 2 10 20.27 17.70 12.70 
25 7 3 15 22.70 24.23 -6.72 
25 8 2.5 10 28.37 24.53 13.56 
25 9 2 25 24.93 30.37 -21.79 
25 10 1.5 20 23.56 31.61 -34.14 
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Fig. 6.77 – Graph showing error between actual MRR and predicted MRR 
for EN31 material 
6.4.4 Taguchi’s analysis for SR 
Fig. 6.78 Main effects plot for S/N ratio for SR of EN31 material 
Fig. 6.78 shows main effects plot for S/N ratio for SR vs. all input factors and 
Fig. 6.79 represents interaction plot of SR.  Since it is always desirable to 
achieve the best surface finish smaller is better option is selected. From the 
above graph it can be seen that the best SR is achieved at current of 25A, 
pulse on time of 10μs, diameter of 2.5mm and 20mm depth. 
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 Fig. 6.79 Interaction plots for S/N ratio for SR of EN31 material 
Table 6.70 Response Table for S/N Ratios for SR of EN31 material 
 
Level I Ton D Dt 
1 -11.57 -13.42 -10.9 -11.18 
2 -11.37 -12.08 -10.91 -11.25 
3 -12.42 -11.4 -13.32 -13.44 
4 -12.78 -11.24 -13.01 -12.26 
Delta 1.41 2.18 2.42 2.26 
Rank 4 3 1 2 
Table 6.70 shows response table for signal to noise ratio for SR of EN31 
material. This response table represents the effects of various input factors on 
SR. Here according to ranks, the effects of various input factors on SR in 
sequence of its effect are diameter, depth, pulse on time and current. That 
means current affects the SR at the highest level and pulse on time at lowest 
level. Table 6.71 shows the values of signal to noise ratio (SNRA) and 
Predicted signal to noise ratio (PSNRA) for SR of EN31 material. The values 
of predicted signal to noise is very much close to the calculated signal to 
noise values hence the analysis of Taguchi for signal to noise ratio is correct. 
The representation of effects of various parameters on SR and optimise 
condition is very much nearby. 
Fig. 6.80 represents time scale plot of signal to noise ratio and predicted 
signal to noise ratio. This plot is shown for graphical representation of various 
values in sequence. 
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Table 6.71 S/N ratio and Predicted S/N ratio for SR of EN31 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.80 Time scale graph for SR (EN31) for SNRA and PSNRA 
6.4.5 Analysis of Variance (ANOVA) for SR 
Table 6.72 represents the analysis of variance for SR of EN31 material for 
95% confidence level. From ANOVA it can be concluded that diameter is 
affecting the SR significantly. This analysis is correct since corresponding p 
values are high.  
 
 
I Ton D Dt SNRA PSNRA 
10 7 1.5 10 -9.99 -10.96 
10 8 2 15 -10.10 -9.71 
10 9 2.5 20 -14.00 -13.62 
10 10 3 25 -12.17 -11.97 
15 7 2 20 -13.24 -13.03 
15 8 1.5 25 -10.88 -10.51 
15 9 3 10 -11.25 -10.85 
15 10 2.5 15 -10.10 -11.07 
20 7 2.5 25 -15.71 -15.31 
20 8 3 20 -13.89 -14.86 
20 9 1.5 15 -10.08 -9.87 
20 10 2 10 -10.02 -9.65 
25 7 3 15 -14.73 -14.35 
25 8 2.5 10 -13.46 -13.26 
25 9 2 25 -10.26 -11.23 
25 10 1.5 20 -12.65 -12.26 
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Table 6.72 ANOVA for SR (EN31) 
Source DF Seq SS Adj SS Adj MS F P Remarks
I 3 1.4514 1.4514 0.4838 1.26 0.427 
Ton 3 3.2238 3.2238 1.0746 2.8 0.21 
D 3 4.9114 4.9114 1.6371 4.26 0.132 * 
Dt 3 2.7487 2.7487 0.9162 2.39 0.247 
Error 3 1.1517 1.1517 0.3839   
Total 15 13.4869   
S = 0.619   RSq. = 91.46%   RSq. (adj) = 57.3%, Fcr = 3.285 
* - Significant 
6.4.6 Empirical model using Regression analysis for SR 
  (a)      (b) 
   (c)      (d) 
Fig. 6.81 (a, b, c, d) Fitted line plot for SR (EN31) 
Fig. 6.81 (a, b, c, d) shows fitted line plot for SR of EN31 material vs. current, 
pulse on time, diameter and depth respectively.  This graph shows trend of 
SR.  As current increases SR increases (i.e. finishing deteriorates).  Whereas 
as pulse on time increases SR decreases. SR shows cubic trend with 
diameter and depth.  
Empirical expressions have been developed to evaluate the relationship 
between input and output parameters. The output values of SR have been 
used to construct the empirical expressions.  
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The developed empirical model for SR is given below: 
SR =  A(I)a(Ton)b(D)c(Dt)d        (6.34) 
By performing multi parameter linear regression analysis on the data 
regression constants are calculated which are as given as follows : 
Table 6.73 Regression analysis for SR of EN31 material 
Coefficients t Stat P-value 
Constant 0.652 1.924 0.081 
I 0.167 1.468 0.170 
Ton -0.712 -2.429 0.033 
D 0.433 2.876 0.015 
Dt 0.212 1.865 0.089 
S = 0.067, Rsq. = 64.29 %  Rsq(adj.) = 51.3%  
The equation for logSR is: 
logSR = 0.652+0.167log(I)-0.712log(Ton)+0.433log(D)+0.212log(Dt)  (6.35) 
The equation after taking antilog on both the sides for SR is: 
SR = 4.487 . (I0.0.1676 . D0.433 . Dt0.212)/( Ton0.712)        (6.36) 
Table 6.74 Error for predicted SR and experimental SR (EN31) 
I Ton D Dt SR Pred. SR Error (%)
10 7 1.5 10 3.16 3.20 -1.36 
10 8 2 15 3.2 3.59 -12.34 
10 9 2.5 20 5.01 3.87 22.76 
10 10 3 25 4.06 4.07 -0.33 
15 7 2 20 4.59 4.50 2.04 
15 8 1.5 25 3.5 3.78 -8.13 
15 9 3 10 3.65 3.87 -5.99 
15 10 2.5 15 3.2 3.61 -12.95 
20 7 2.5 25 6.1 5.45 10.69 
20 8 3 20 4.95 5.11 -3.29 
20 9 1.5 15 3.19 3.28 -2.72 
20 10 2 10 3.17 3.16 0.33 
25 7 3 15 5.45 5.49 -0.76 
25 8 2.5 10 4.71 4.23 10.10 
25 9 2 25 3.26 4.29 -31.68 
25 10 1.5 20 4.29 3.35 21.83 
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From eqn. 6.36 predicted values of SR can be calculated which is to be 
compared with experimental values for which error must be calculated. The 
predicted SR is calculated based on eqn. 6.36 and compared with 
experimental values. Error with the help of eqn. 6.7 is calculated.  
Table 6.74 shows the comparision of predicted SR and experimental SR. 
Here error (%) is also tabulated. The average error for this equation is 0.9%. 
Also 81% of the points are withing 20% of the error which is acceptable. Fig. 
6.82 shows graph for actual SR and predicted SR. 
 
 
 
 
 
 
 
 
 
Fig. 6.82 – Graph showing error between actual SR and predicted SR for 
EN31 material 
It can be seen that values are very close for actual and predicted SR for EN31 
material and empirical model is predicting very much close values to the 
actual. 
6.4.7 Taguchi’s analysis for EWR 
Table 6.75 Response Table for S/N Ratios for EWR of EN31 material 
 
Level I Ton D Dt 
1 -30.55 -35.27 -38.78 -33.58 
2 -34.2 -34.74 -35.48 -34.81 
3 -36.83 -35 -32.87 -35.96 
4 -37.94 -34.52 -32.39 -35.17 
Delta 7.4 0.75 6.4 2.39 
Rank 1 4 2 3 
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Fig. 6.83 shows main effects plot for S/N ratio for EWR vs. all input factors 
and Fig. 6.84 represents interaction plot of EWR.  Since it is always desirable 
to achieve the lowest electrode wear smaller is better option is selected. From 
the above graph it can be seen that the least EWR is achieved at current of 
25A, pulse on time of 7μs, diameter of 1.5mm and 20mm depth. 
Fig. 6.83 Main effects plot for S/N ratio for EWR of EN31 material 
Fig. 6.84 Interaction plots for S/N ratio for EWR of EN31 material 
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Table 6.75 shows response table for signal to noise ratio for EWR of EN31 
material. This response table represents the effects of various input factors on 
EWR. Here according to ranks, the effects of various input factors on EWR in 
sequence of its effect are current, diameter, depth and pulse on time. That 
means current affects the EWR at the highest level and pulse on time at the 
lowest level. 
Table 6.76 S/N ratio and Predicted S/N ratio for EWR of EN31 
 
 
 
 
 
 
 
 
 
 
` 
Fig. 6.85 Time scale graph for EWR (EN31) for SNRA and PSNRA 
 
I Ton D Dt SNRA PSNRA 
10 7 1.5 10 -33.06 -33.53 
10 8 2 15 -31.29 -30.93 
10 9 2.5 20 -29.54 -29.74 
10 10 3 25 -28.30 -27.99 
15 7 2 20 -36.59 -36.27 
15 8 1.5 25 -38.06 -38.26 
15 9 3 10 -30.88 -30.53 
15 10 2.5 15 -31.29 -31.76 
20 7 2.5 25 -35.85 -35.49 
20 8 3 20 -34.81 -35.28 
20 9 1.5 15 -41.09 -40.77 
20 10 2 10 -35.56 -35.76 
25 7 3 15 -35.56 -35.76 
25 8 2.5 10 -34.81 -34.49 
25 9 2 25 -38.49 -38.96 
25 10 1.5 20 -42.92 -42.57 
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Table 6.76 shows the values of signal to noise ratio (SNRA) and Predicted 
signal to noise ratio (PSNRA) for EWR of EN31 material. The values of 
predicted signal to noise is very much close to the calculated signal to noise 
values hence the analysis of Taguchi for signal to noise ratio is correct. The 
representation of effects of various parameters on EWR and optimise 
condition is very much nearby. 
Fig. 6.85 represents time scale plot of signal to noise ratio and predicted 
signal to noise ratio. This plot is shown for graphical representation of various 
values in sequence. 
6.4.8 Analysis of Variance (ANOVA) for EWR 
Table 6.77 ANOVA for EWR (EN31) 
Source DF Seq SS Adj SS Adj MS F P Remarks
I 3 5767.1 5767.1 1922.4 12.06 0.035 * 
Ton 3 262.3 262.3 87.4 0.55 0.683 
D 3 6574.9 6574.9 2191.6 13.75 0.029 * 
Dt 3 1199.6 1199.6 399.9 2.51 0.235 
Error 3 478.2 478.2 159.4   
Total 15 14282.1   
S = 12.62   RSq. = 96.65%   RSq. (adj) = 83.26%, Fcr = 3.285 
* - Significant 
Table 6.77 represents the analysis of variance for EWR of EN31 material for 
95% confidence level. From ANOVA it can be concluded that current and 
diameter are significant factors to the EWR of EN31 material since F values is 
higher than Fcr. This analysis is correct since corresponding p values are 
small.  
6.4.9 Empirical model using Regression analysis for EWR 
Fig. 6.86 (a, b, c, d) shows fitted line plot for EWR of EN31 material vs. 
current, pulse on time, diameter and depth respectively.  This graph shows 
trend of EWR.  As current increases EWR increases. Flat relation between 
EWR and pulse on time can be seen. Whereas diameter increases EWR 
decreases.  At the same time as depth increases EWR increases. 
The developed empirical model for EWR is given below: 
EWR  = A(I)a(Ton)b(D)c(Dt)d        (6.37) 
By performing multi parameter linear regression analysis on the data 
regression constants are calculated which are as given as table 6.78. 
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(a)       (b) 
  
 
 
 
 
(c)      (d) 
Fig. 6.86 (a, b, c, d) Fitted line plot for EWR (EN31) 
Table 6.78 Regression analysis for EWR of EN31 material 
Coefficients t Stat P-value 
Constant 0.842 3.365 0.006 
I 0.952 11.337 0.000 
Ton -0.193 -0.891 0.392 
D -1.110 -9.984 0.000 
Dt 0.243 2.889 0.015 
S = 0.049  Rsq. = 95.57 %  Rsq(adj.) = 93.96%  
The equation for log EWR is: 
logEWR=0.842+0.952log(I)-0.193log(Ton)–1.11log(D)+0.243log(Dt)  (6.38) 
The equation after taking antilog on both the sides for EWR is: 
EWR = 10.233 . (I0.952 . Dt0.243 )/( Ton0.193. D1.11)              (6.39) 
From eqn. 6.39 predicted values of EWR can be calculated which is to be 
compared with experimental values for which error must be calculated. The 
predicted EWR is calculated based on eqn. 6.39 and compared with 
experimental values. Error with the help of eqn. 6.7 is calculated.  
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Table 6.79 Error for predicted EWR and experimental EWR (EN31) 
I Ton D Dt EWR Pred. EWR Error (%)
10 7 1.5 10 45 47.69 -5.98 
10 8 2 15 36.67 37.27 -1.63 
10 9 2.5 20 30 30.50 -1.66 
10 10 3 25 26 25.77 0.89 
15 7 2 20 67.5 60.33 10.62 
15 8 1.5 25 80 85.42 -6.78 
15 9 3 10 35 30.96 11.53 
15 10 2.5 15 36.67 40.99 -11.79 
20 7 2.5 25 62 65.38 -5.45 
20 8 3 20 55 49.30 10.37 
20 9 1.5 15 113.33 96.99 14.42 
20 10 2 10 60 62.58 -4.30 
25 7 3 15 60 58.33 2.78 
25 8 2.5 10 55 63.07 -14.67 
25 9 2 25 84 98.68 -17.47 
25 10 1.5 20 140 126.04 9.97 
Table 6.79 shows the comparision of predicted EWR and experimental EWR. 
Here error (%) is also tabulated. The average error for this equation is 0.57%. 
Also 100% of the points are withing 20% of the error which is acceptable. Fig. 
6.87 shows graph for actual EWR and predicted EWR. It can be seen that 
values are very close for actual and predicted EWR for EN31 material and 
empirical model is predicting very much close values to the actual. 
 
Fig. 6.87 – Graph showing error between actual EWR and predicted EWR 
for EN31 material 
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6.4.10 Taguchi’s analysis for deflection 
Fig. 6.88 Main effects plot for S/N ratio for deflection of EN31 material 
Fig. 6.89 Interaction plots for S/N ratio for deflection of EN31 material 
Fig. 6.88 shows main effects plot for S/N ratio for deflection vs. all input 
factors and Fig. 6.89 represents interaction plot of deflection.  Since it is 
always desirable to achieve the lowest deflection smaller is better option is 
selected. From the above graph it can be seen that the least deflection is 
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achieved at current of 25A, pulse on time of 10μs, diameter of 2mm and 
25mm depth. 
Table 6.80 Response Table for S/N Ratios for deflection of EN31 material 
 
Level I Ton D Dt 
1 37.24 37.9 38.58 38.29 
2 40.07 36.23 33.62 34.41 
3 38.27 35.86 37.11 38.66 
4 29.25 34.84 35.54 33.47 
Delta 10.82 3.06 4.96 5.19 
Rank 1 4 3 2 
Table 6.80 shows response table for signal to noise ratio for deflection of 
EN31 material. This response table represents the effects of various input 
factors on deflection. Here according to ranks, the effects of various input 
factors on deflection in sequence of its effect are current, depth, diameter and 
pulse on time. That means current affects the deflection at the highest level 
and pulse on time at the lowest level. However the effect of diameter needed 
to be seen since the value of delta is nearer to the corresponding value of 
current. 
Table 6.81 S/N ratio and Predicted S/N ratio for deflection of EN31 
 
 
 
 
 
 
 
 
 
 
 
Table 6.81 shows the values of signal to noise ratio (SNRA) and Predicted 
signal to noise ratio (PSNRA) for deflection of EN31 material. The values of 
I Ton D Dt SNRA PSNRA 
10 7 1.5 10 41.72 43.39 
10 8 2 15 33.15 32.87 
10 9 2.5 20 41.83 40.24 
10 10 3 25 32.25 32.47 
15 7 2 20 41.41 41.63 
15 8 1.5 25 41.31 39.72 
15 9 3 10 41.41 41.13 
15 10 2.5 15 36.14 37.80 
20 7 2.5 25 38.42 38.13 
20 8 3 20 38.42 40.08 
20 9 1.5 15 38.27 38.49 
20 10 2 10 37.99 36.40 
25 7 3 15 30.06 28.47 
25 8 2.5 10 32.04 32.25 
25 9 2 25 21.91 23.57 
25 10 1.5 20 33.00 32.71 
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predicted signal to noise is very much close to the calculated signal to noise 
values hence the analysis of Taguchi for signal to noise ratio is correct. The 
representation of effects of various parameters on deflection and optimise 
condition is very much nearby. 
Fig. 6.90 Time scale graph for deflection (EN31) for SNRA and PSNRA 
Fig. 6.90 represents time scale plot of signal to noise ratio and predicted 
signal to noise ratio. This plot is shown for graphical representation of various 
values in sequence. 
6.4.11 Analysis of Variance (ANOVA) for deflection 
Table 6.82 ANOVA for deflection (EN31) 
Source DF Seq SS Adj SS Adj MS F P Remarks
I 3 0.002255 0.002255 0.000752 4.54 0.123 * 
Ton 3 0.000351 0.000351 0.000117 0.71 0.608 
D 3 0.000768 0.000768 0.000256 1.55 0.364 
Dt 3 0.000885 0.000885 0.000295 1.78 0.323 
Error 3 0.000496 0.000496 0.000165   
Total 15 0.004754   
S = 0.0129   RSq. = 89.56%   RSq. (adj) = 47.81%, Fcr = 3.285 
* - Significant 
Table 6.82 represents the analysis of variance for deflection of EN31 material 
for 95% confidence level. From ANOVA it can be concluded that current is 
significant factor affecting to the deflection of EN31 material since F values 
are not higher than Fcr. 
 
194 
 
6.4.12 Regression analysis for deflection 
 
 
 
 
 
(a)        (b) 
 
 
 
 
  
(c)       (d) 
Fig. 6.91 (a, b, c, d) Fitted line plot for deflection (EN31) 
Fig. 6.91 (a, b, c, d) shows fitted line plot for deflection of EN31 material vs. 
current, pulse on time, diameter and depth respectively.  This graph shows 
trend of deflection.  Deflection curve is quadratic for current, pulse on time 
and diameter, cubic for depth. 
Deflection is one of the dimensional characteristic. For dimensional 
characteristics generally empirical relationships are not given because these 
are process characteristics. For process characteristics capability of the 
machine is the aspect one has to see. However Fig. 6.91(a, b, c,d) give some 
idea about relationship of this characteristics with input factor. The other 
factors that affects the deflection is the trueness of the slide, holding of the 
workpiece, electrode guide runout, electrode spindle runout etc. 
6.4.13 Taguchi’s analysis for circularity 
Fig. 6.92 shows main effects plot for S/N ratio for circularity vs. all input 
factors and Fig. 6.93 represents interaction plot of circularity.  Since it is 
always desirable to achieve the lowest circularity smaller is better option is 
selected. From the above graph it can be seen that the least circularity is 
achieved at current of 15A, pulse on time of 9μs, diameter of 3mm and 20mm 
depth. 
. 
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Fig. 6.92 Main effects plot for S/N ratio for circularity of EN31 material 
Fig. 6.93 Interaction plots for S/N ratio for circularity of EN31 material 
Table 6.83 shows response table for signal to noise ratio for circularity of 
EN31 material. This response table represents the effects of various input 
factors on circularity. Here according to ranks, the effects of various input 
factors on circularity in sequence of its effect are current, diameter, depth and 
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pulse on time. That means current affects the circularity at the highest level 
and pulse on time at the lowest level. 
Table 6.83 Response Table for S/N Ratios for circularity of EN31 material 
Level I Ton D Dt 
1 47.45 39.65 43.81 42.93 
2 35.05 43.94 43.95 40.34 
3 37.07 38.79 38.57 36.92 
4 44.1 41.3 37.33 43.48 
Delta 12.4 5.15 6.63 6.56 
Rank 1 4 2 3 
 
Table 6.84 shows the values of signal to noise ratio (SNRA) and Predicted 
signal to noise ratio (PSNRA) for circularity of EN31 material. The values of 
predicted signal to noise is very much close to the calculated signal to noise 
values hence the analysis of Taguchi for signal to noise ratio is correct. 
Table 6.84 S/N ratio and Predicted S/N ratio for circularity of EN31 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.94 represents time scale plot of signal to noise ratio and predicted 
signal to noise ratio. This plot is shown for graphical representation of various 
values in sequence. 
 
I Ton D Dt SNRA PSNRA 
10 7 1.5 10 53.98 51.09 
10 8 2 15 50.46 52.92 
10 9 2.5 20 31.37 38.98 
10 10 3 25 53.98 46.80 
15 7 2 20 40.00 32.82 
15 8 1.5 25 35.92 43.52 
15 9 3 10 28.87 31.34 
15 10 2.5 15 35.39 32.50 
20 7 2.5 25 33.56 36.02 
20 8 3 20 35.39 32.50 
20 9 1.5 15 44.44 37.25 
20 10 2 10 34.89 42.50 
25 7 3 15 31.06 38.66 
25 8 2.5 10 53.98 46.80 
25 9 2 25 50.46 47.57 
25 10 1.5 20 40.92 43.38 
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Fig. 6.94 Time scale graph for circularity (EN31) for SNRA and PSNRA 
6.4.14 Analysis of Variance (ANOVA) for circularity 
Table 6.85 ANOVA for circularity (EN31) 
Source DF Seq SS Adj SS Adj MS F P Remarks
I 3 0.000308 0.000308 0.000103 0.44 0.744 
Ton 3 0.000173 0.000173 5.77E-05 0.24 0.861 
D 3 0.000463 0.000463 0.000154 0.65 0.632 
Dt 3 6.02E-05 6.02E-05 2.01E-05 0.09 0.964 
Error 3 0.000708 0.000708 0.000236
Total 15 0.001712
S = 0.0154   RSq. = 68.66%   RSq. (adj) = 36.77%, Fcr = 3.285 
* - Significant 
Table 6.85 represents the analysis of variance for circularity of EN31 material 
for 95% confidence level. From ANOVA it can be concluded that there are no 
factors significant to the circularity of EN31 material since F values are not 
higher than Fcr. 
6.4.15 Regression analysis for circularity 
 Fig. 6.95 (a, b, c, d) shows fitted line plot for circularity of EN31 material vs. 
current, pulse on time, diameter and depth respectively.  This graphs show 
trends of circularity.  As current increases circularity increases intially but 
further increase causes decrease in circularity. As pulse on time increases 
circularity decreases and later increases. As diameter increases circularity 
increases. Increse in depth causes almost no change in circularity. Circularity 
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is also one of the dimensional characteristic. The other factors that affects the 
circularity is the holding of the workpiece, electrode guide runout, electrode 
spindle runout, flushing pressure uniformity, centrifugal force genration in 
electrode etc. 
(a)        (b) 
(c)       (d) 
Fig. 6.95 (a, b, c, d) Fitted line plot for circularity (EN31) 
6.4.16 Taguchi’s analysis for cylindricity 
Fig. 6.96 Main effects plot for S/N ratio for cylindricity of EN31 material 
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Fig. 6.96 shows main effects plot for S/N ratio for cylindricity vs. all input 
factors and Fig. 6.97 represents interaction plot of cylindricity.  Since it is 
always desirable to achieve the lowest cylindricity smaller is better option is 
selected. From the above graph it can be seen that the least cylindricity is 
achieved at current of 25A, pulse on time of 8μs, diameter of 3mm and 25mm 
depth. 
Fig. 6.97 Interaction plots for S/N ratio for cylindricity of EN31 material 
Table 6.86 Response Table for S/N Ratios for cylindricity of EN31 
material 
 
Level I Ton D Dt 
1 34.87 34.97 33.24 33.14 
2 35.77 30.75 36.88 32.31 
3 33.04 34.01 33.05 33.91 
4 32.35 36.3 32.87 36.68 
Delta 3.42 5.55 4.01 4.37 
Rank 4 1 3 2 
Table 6.86 shows response table for signal to noise ratio for cylindricity of 
EN31 material. This response table represents the effects of various input 
factors on cylindricity. Here according to ranks, the effects of various input 
factors on cylindricity in sequence of its effect are pulse on time, depth, 
diameter and current. That means pulse on time affects the cylindricity at the 
highest level and current at the lowest level. However the effect of diameter 
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needed to be seen since the value of delta are nearer to the corresponding 
value of depth. 
Table 6.87 shows the values of signal to noise ratio (SNRA) and Predicted 
signal to noise ratio (PSNRA) for cylindricity of EN31 material. The values of 
predicted signal to noise is very much close to the calculated signal to noise 
values hence the analysis of Taguchi for signal to noise ratio is correct. 
Table 6.87 S/N ratio and Predicted S/N ratio for cylindricity of EN31 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.98 Time scale graph for cylindricity (EN31) for SNRA and PSNRA 
I Ton D Dt SNRA PSNRA 
10 7 1.5 10 32.77 34.19 
10 8 2 15 31.06 32.79 
10 9 2.5 20 36.48 33.81 
10 10 3 25 39.17 38.69 
15 7 2 20 40.00 39.52 
15 8 1.5 25 37.08 34.41 
15 9 3 10 32.04 33.77 
15 10 2.5 15 33.98 35.40 
20 7 2.5 25 33.98 35.71 
20 8 3 20 27.13 28.55 
20 9 1.5 15 31.06 30.57 
20 10 2 10 40.00 37.33 
25 7 3 15 33.15 30.48 
25 8 2.5 10 27.74 27.26 
25 9 2 25 36.48 37.90 
25 10 1.5 20 32.04 33.77 
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Fig. 6.98 represents time scale plot of signal to noise ratio and predicted 
signal to noise ratio. This plot is shown for graphical representation of various 
values in sequence. 
6.4.17 Analysis of Variance (ANOVA) for cylindricity 
Table 6.88 ANOVA for cylindricity (EN31) 
Source DF Seq SS Adj SS Adj MS F P Remarks
I 3 0.000226 0.000226 7.52E-05 0.88 0.541 
Ton 3 0.00055 0.00055 0.000183 2.14 0.274 
D 3 0.000222 0.000222 7.41E-05 0.86 0.546 
Dt 3 0.00026 0.00026 8.67E-05 1.01 0.496 
Error 3 0.000257 0.000257 8.57E-05
Total 15 0.001515
S = 0.0926  RSq. = 83.02%   RSq. (adj) = 15.12%, Fcr = 3.285 
* - Significant 
Table 6.88 represents the analysis of variance for cylindricity of EN31 material 
for 95% confidence level. From ANOVA it can be concluded that there are no 
factors significant to the cylindricity of EN31 material since F values are not 
higher than Fcr. 
6.4.18 Regression analysis for cylindricity  
 
 
 
 
 
 
 
(a)        (b) 
 
 
 
 
 
(c)       (d) 
Fig. 6.99 (a, b, c, d) Fitted line plot for cylindricity (EN31) 
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Fig. 6.99(a,b,c,d) show fitted line plot for cylindricity. As current increases 
cylindricity increases. As pulse on time icreases cylindricity increases initially 
but further increase causes decrease in cylindricity. Increase in diameter 
cause increase in cylindricity. Whereas increase in depth results in decrease 
in cylindricity. 
Cylindricity is also one of the dimensional characteristic. The other factors that 
affects the cylindricity is the holding of the workpiece, electrode guide runout, 
electrode spindle runout, flushing pressure uniformity, centrifugal force 
genration in electrode etc. 
6.4.19 Taguchi’s analysis for taper 
 Fig. 6.100 Main effects plot for S/N ratio for taper of EN31 material 
Fig. 6.100 shows main effects plot for S/N ratio for taper vs. all input factors 
and Fig. 6.101 represents interaction plot of taper.  Since it is always 
desirable to achieve the lowest taper smaller is better option is selected.  
From the graph it can be seen that the least taper is achieved at current of 
25A, pulse on time of 7μs, diameter of 1.5mm and 10mm depth.  
Table 6.89 shows response table for signal to noise ratio for taper of EN31 
material. This response table represents the effects of various input factors on 
taper. Here according to ranks, the effects of various input factors on taper in 
sequence of its effect are diameter, current, pulse on time and depth. That 
means current affects the taper at the highest level and depth at the lowest 
level. 
203 
 
Fig. 6.101 Interaction plots for S/N ratio for taper of EN31 material 
Table 6.89 Response Table for S/N Ratios for taper of EN31 material 
Level I Ton D Dt 
1 19.07 18.83 25.87 20.31 
2 30.94 27.34 25.57 25.86 
3 30.69 26.49 31.91 29.03 
4 20.98 29.04 18.34 26.49 
Delta 11.87 10.21 13.58 8.72 
Rank 2 3 1 4 
Fig. 6.102 Time scale graph for taper (EN31) for SNRA and PSNRA 
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Table 6.90 shows the values of signal to noise ratio (SNRA) and Predicted 
signal to noise ratio (PSNRA) for taper of EN31 material. The values of 
predicted signal to noise is very much close to the calculated signal to noise 
values hence the analysis of Taguchi for signal to noise ratio is correct. 
Fig. 6.102 represents time scale plot of signal to noise ratio and predicted 
signal to noise ratio. This plot is shown for graphical representation of various 
values in sequence. 
Table 6.90 S/N ratio and Predicted S/N ratio for taper of EN31 
 
 
 
 
 
 
 
 
 
 
 
6.4.20 Analysis of Variance (ANOVA) for taper 
Table 6.91 ANOVA for taper (EN31) 
Source DF Seq SS Adj SS Adj MS F P Remarks
I 3 0.043723 0.043723 0.014574 2.72 0.216 
Ton 3 0.05435 0.05435 0.018117 3.38 0.172 * 
D 3 0.042637 0.042637 0.014212 2.65 0.222 
Dt 3 0.041247 0.041247 0.013749 2.57 0.229 
Error 3 0.016061 0.016061 0.005354
Total 15 0.198018
S = 0.073   RSq. = 91.89%   RSq. (adj) = 59.45%, Fcr = 3.285 
* - Significant 
I Ton D Dt SNRA PSNRA 
10 7 1.5 10 8.71 7.81 
10 8 2 15 15.49 21.58 
10 9 2.5 20 31.77 30.23 
10 10 3 25 20.33 16.67 
15 7 2 20 31.77 28.11 
15 8 1.5 25 35.92 34.38 
15 9 3 10 13.71 19.80 
15 10 2.5 15 42.38 41.48 
20 7 2.5 25 25.56 31.66 
20 8 3 20 30.03 29.13 
20 9 1.5 15 36.31 32.65 
20 10 2 10 30.87 29.34 
25 7 3 15 9.27 7.74 
25 8 2.5 10 27.94 24.28 
25 9 2 25 24.17 23.27 
25 10 1.5 20 22.56 28.65 
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Table 6.91 represents the analysis of variance for taper of EN31 material for 
95% confidence level. From ANOVA it can be concluded that pulse on time is 
significant factor to the taper of EN31 material since F values are higher than 
Fcr. 
6.4.21 Regression analysis for taper 
  (a)        (b) 
  (c)       (d) 
Fig. 6.103 (a, b, c, d) Fitted line plot for taper (EN31) 
Fig. 6.103 (a, b, c, d) shows fitted line plot for taper of EN31 material vs. 
current, pulse on time, diameter and depth respectively.  This graphs show 
trends of taper.  Taper curve is quadratic for current and diameter, linear for 
pulse on time and depth.  
Taper is also one of the dimensional characteristic. The other factors that 
affects the taper is the holding of the workpiece, accuracy of guide, electrode 
guide runout, electrode spindle runout, flushing pressure uniformity etc. 
6.4.22 Taguchi’s analysis for hardness 
Fig. 6.104 shows main effects plot for S/N ratio for hardness vs. all input 
factors and Fig. 6.105 represents interaction plot of hardness.  Since it is 
always desirable to achieve the lower increase in hardness smaller is better 
option is selected. From the graph it can be seen that the least hardness is 
achieved at current of 10A, pulse on time of 10μs, diameter of 2.5mm and 
25mm depth. 
206 
 
Fig. 6.104 Main effects plot for S/N ratio for hardness of EN31 material 
Fig. 6.105 Interaction plots for S/N ratio for hardness of EN31 material 
Table 6.92 shows response table for signal to noise ratio for hardness of 
EN31 material. This response table represents the effects of various input 
factors on hardness. Here according to ranks, the effects of various input 
factors on hardness in sequence of its effect are current, pulse on time, 
diameter and depth. That means current affects the hardness at the highest 
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level and depth at the lowest level. However the effect of pulse on time and 
depth needed to be seen since the value of delta are nearer to corresponding 
value of diameter. 
Table 6.92 Response Table for S/N Ratios for hardness of EN31 material 
Level I Ton D Dt 
1 -31.93 -30.22 -29.99 -28.5 
2 -26.83 -29.98 -29.11 -29.87 
3 -29.66 -27.76 -30.66 -29.11 
4 -30.02 -30.47 -28.66 -30.95 
Delta 5.1 2.71 2 2.45 
Rank 1 2 4 3 
 
Table 6.93 S/N ratio and Predicted S/N ratio for hardness of EN31 
 
 
 
 
 
 
 
 
 
 
 
Table 6.93 shows the values of signal to noise ratio (SNRA) and Predicted 
signal to noise ratio (PSNRA) for hardness of EN31 material. The values of 
predicted signal to noise is very much close to the calculated signal to noise 
values hence the analysis of Taguchi for signal to noise ratio is correct. 
Fig. 6.106 represents time scale plot of signal to noise ratio and predicted 
signal to noise ratio. This plot is shown for graphical representation of various 
values in sequence. 
 
 
I Ton D Dt SNRA PSNRA 
10 7 1.5 10 -29.25 -31.82 
10 8 2 15 -32.67 -32.07 
10 9 2.5 20 -31.82 -30.64 
10 10 3 25 -33.98 -33.19 
15 7 2 20 -27.23 -26.44 
15 8 1.5 25 -30.10 -28.92 
15 9 3 10 -23.52 -22.93 
15 10 2.5 15 -26.44 -29.01 
20 7 2.5 25 -33.26 -32.66 
20 8 3 20 -26.02 -28.59 
20 9 1.5 15 -29.25 -28.46 
20 10 2 10 -30.10 -28.92 
25 7 3 15 -31.13 -29.94 
25 8 2.5 10 -31.13 -30.34 
25 9 2 25 -26.44 -29.01 
25 10 1.5 20 -31.36 -30.77 
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Fig. 6.106 Time scale graph for hardness (EN31) for SNRA and PSNRA 
6.4.23 Analysis of Variance (ANOVA) for hardness 
Table 6.94 ANOVA for hardness (EN31) 
Source DF Seq SS Adj SS Adj MS F P Remarks
I 3 615.2 615.2 205.1 1.4 0.394 
Ton 3 190.7 190.7 63.6 0.43 0.744 
D 3 81.2 81.2 27.1 0.18 0.9 
Dt 3 194.2 194.2 64.7 0.44 0.74 
Error 3 439.2 439.2 146.4 
Total 15 1520.4 
S = 12.09   RSq. = 71.11%   RSq. (adj) = 45.43%, Fcr = 3.285 
* - Significant 
Table 6.94 represents the analysis of variance for hardness of EN31 material 
for 95% confidence level. From ANOVA it can be concluded that there are no 
factor significant to hardness of EN31 material since F values are not higher 
than Fcr. This analysis is correct since corresponding p values are small.  
6.4.24 Regression analysis for hardness 
Fig. 6.107 (a, b, c, d) shows fitted line plot for hardness of EN31 material vs. 
current, pulse on time, diameter and depth respectively.  This graphs show 
trends of hardness.  Hardness curve is cubic for current and diameter, 
quadratic for pulse on time and linear for depth. 
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(a)        (b) 
(c)       (d) 
Fig. 6.107 (a, b, c, d) Fitted line plot for hardness (EN31) 
The developed empirical model for increase in hardness is given below: 
Increase in Hardness  = A(I)a(Ton)b(D)c(Dt)d     (6.40) 
Regression constants are calculated which are as given as follows : 
Table 6.95 Regression analysis for hardness of EN31 material 
Coefficients t Stat P-value 
Constant 1.596 1.961 0.076 
I -0.176 -0.645 0.532 
Ton -0.172 -0.245 0.811 
D -0.111 -0.307 0.765 
Dt 0.243 0.889 0.393 
S = 0.163, Rsq. = 78.95 %  Rsq(adj.) = 68.33%  
The equation for log increase in  is: 
loghardness=1.596-0.176log(I)-0.172log(Ton)-0.111log(D)+0.243log(Dt)  (6.41) 
The equation after taking antilog on both the sides for increase in hardness is: 
Increase in hardness = 39.446 . (Dt0.243) / (I0.176 . Ton0.172. D0.111) (6.42) 
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From eqn. 6.42 predicted values of hardness can be calculated which is to be 
compared with experimental values for which error must be calculated. The 
predicted hardness is calculated based on eqn. 6.42 and compared with 
experimental values. Error with the help of eqn. 6.7 is calculated.  
Table 6.96 shows the comparision of predicted hardness and experimental 
hardness. Here error (%) is also tabulated. 
Table 6.96 Error for predicted and experimental increase hardness 
(EN31) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.108 – Graph showing error between actual hardness and predicted 
hardness for EN31 material 
I Ton D Dt Hardness Pred. Error (%)
10 7 1.5 10 29 31.48 -8.57 
10 8 2 15 43 40.89 4.91 
10 9 2.5 20 39 33.72 13.55 
10 10 3 25 50 34.26 31.49 
15 7 2 20 23 26.65 -15.87 
15 8 1.5 25 32 35.80 -11.86 
15 9 3 10 15 19.45 -29.67 
15 10 2.5 15 21 28.75 -36.90 
20 7 2.5 25 46 32.90 28.48 
20 8 3 20 20 22.33 -11.65 
20 9 1.5 15 29 25.54 11.93 
20 10 2 10 32 29.34 8.31 
25 7 3 15 36 33.40 7.22 
25 8 2.5 10 36 34.66 3.72 
25 9 2 25 21 27.00 -28.57 
25 10 1.5 20 37 36.78 0.59 
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The average error for this equation is 2%. Also 68.75% of the points are 
withing 20% of the error which is acceptable. Fig. 6.108 shows graph for 
actual increase in hardness and predicted increase in hardness. It can be 
seen that values are very close for actual and predicted hardness for EN31 
material and empirical model is predicting very much close values to the 
actual. 
6.5 VALIDATION OF EMPIRICAL MODELS 
Based on the conducted experiments empirical equations are found out. 
Errors for the conducted experiments are calculated.  However to validate the 
empirical equations for four outputs MRR, SR, EWR and increase in hardness 
two more experiments are conducted. These extra experimentation work is 
carried out on the same material, on the same machine and in the same 
conditions to have the best reliability on the output. These two validation 
experiements are conducted at current of 20A and 25A, pulse on time of 10μs 
and 10μs, diameter of 2mm and 1.5mm and depth of 10mm and 20mm 
respectively. 
Table 6.97 Results and % error for validation experiments 
1 2 3 4 5 6 7 8 9 10 11 12 
Material: H11 
11.14 11.6 -4 3.3 3.82 -14 65 72.9 -11 32 36.2 -12 
7.57 7.07 7 5.8 5.3 9.8 68 75.6 -10 39 39.1 -0.4
Material: Brass 
31.95 31 3.0 3.8 3.58 4.7 65 63.1 3 28 25.9 8.2 
42.94 48.2 -11 3.8 4.1 -8.3 146 123 18 25 20.5 22 
Material: EN31 
19.93 17.7 13 3.8 3.16 19 70 62.6 12 35 29.3 19 
26.18 31.6 -17 3.7 3.35 10 138 126 9.1 33 36.8 -10 
Here 1 is experimental values of MRR, 4 is experimental values of SR, 7 is 
experimental values of EWR, 10 is experimental values of I.H., 2, 5, 8, 11 are 
respective predicted values of MRR, SR, EWR and I. H., 3,6,9,12 are 
respective % error values of MRR, SR, EWR and I. H. 
Table 6.97 shows results for various outputs for experiments conducted for 
validation. Predicted values for various outputs are calculated based on 
different empirical equations and % error is calculated with the help of 
equation 6.7.  Here it can be seen that maximum % error is less than 20%. All 
empirical models are validated through these analysis. That means these 
empiricals models can be utilised by any industry for this process on H11, 
Brass and EN31 materials. 
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CHAPTER 7 
PARAMETRIC ANALYSIS 
 
7.1 INTRODUCTION 
Parametric analysis helps us to know which factor is actually affecting the 
output at the highest level percentage wise. This analysis can be done in two 
ways first, analysis to be done response wise and second, analysis to be 
done input variable wise. Here in this study three materials are taken for the 
study if analysis is to be done by second way i.e. by input variable wise 
repetitive work to be done for all the materials and for all the responses. 
Hence first way of analysis is chosen. 
7.2 ANALYSIS FOR MRR 
Fig. 7.1 Comparative analysis of MRR for all materials 
Table 7.1 % contribution of input factors on MRR 
H11 Brass EN31 
I 31.42709 68.05727 90.82775 
Ton 5.819794 7.302484 2.709641 
D 10.84497 13.01132 1.990807 
Dt 6.426085 8.938597 3.189106 
Fig. 7.1 shows comparative analysis of MRR for all materials. It can be seen 
from the graph that in comparison MRR is higher for brass for most of the 
points in comparison to H11 and EN31. Then MRR is higher for EN31 in 
comparison to H11. 
213 
 
Fig. 7.2 % contribution of input factors on MRR for all materials 
Table 7.1 and Fig. 7.2 show the % contribution of current, pulse on time, 
diameter and depth for all three materials on MRR. These % contributions of 
input factors are calculated from respective ANOVA tables. From the graph it 
can be seen that current for all three materials contributing to MRR at highest 
level then diameter, depth and pulse on time in sequence are contributing in 
the process to MRR. It is due to higher discharge energy available at the 
working gap [109]. The discharge energy for EDM is defined as 
( ) ( )0td VE t I t dt= ∫        (7.1) 
Where ‘E’ is the discharge energy, ‘V’ is the discharge voltage within the gap, 
‘I’ is the peak current during sparking and ‘t’ is the pulse on time. Higher 
current density available at the working gap rapidly overheats the work piece, 
thus increasing metal removal rate at higher peak current conditions.  
Generally, it has been seen that MRR increases with increase in peak current 
and pulse on time while machining with stationary electrode [110,111] 
Whereas, here MRR decreases with increase in pulse on time at a particular 
peak current with a rotating electrode. Generally, the bigger sized eroded 
particles are produced at higher energy level. These eroded particles start 
accumulating within the gap and reduces the gap size, and may touch the 
electrode surface, thus leading to reduction in MRR. Again increase in pulse 
on time causes expansion of the plasma channel during rotary electrical 
discharge machining and this leads to decrease in energy density. Thus, 
lesser melting and vaporisation of the work piece takes place, and MRR gets 
reduced at higher pulse on time conditions [112]. 
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From the ANOVA table it has been seen that out of three materials for H11 
and Brass current and diameter are significant factor where as for EN31 
current is significant factor. 
As current increases input energy increases and MRR would be higher. From 
table 4.4 we have seen that for Brass, EN31 and H11 thermal conductivity is 
159 W/m K, 46.6 W/m K and 24.6 W/m K respectively. These matches with 
average values of MRR for conducted 16 experiments i.e. 20.26 mm3/min, 
15.1mm3/min and 10.1mm3/min for Brass, EN31 and H11 respectively. That 
means higher MRR for higher thermal conductive material can be achieved. 
7.3 ANALYSIS FOR SR 
Fig. 7.3 Comparative analysis of SR for all materials 
Fig. 7.3 shows comparative analysis of SR for all materials. It can be seen 
from the graph that in comparison SR is best the achieved for brass since 8 
points are lowest in comparison to H11 and EN31. Then SR is better achieved 
for H11 since 11 points are lower in comparison to EN31.  
Table 7.2 % contribution of input factors on SR 
H11 Brass EN31 
I 10.76147 39.77615 90.82775 
Ton 23.90302 2.40031 2.709641 
D 36.41581 28.26203 1.990807 
Dt 20.38037 15.97267 3.189106 
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Fig. 7.4 % contribution of input factors on SR for all materials 
Table 7.2 and Fig. 7.4 show the % contribution of current, pulse on time, 
diameter and depth for all three materials on SR. From the graph it can be 
seen that current for two materials contributing to SR at highest level then 
diameter, depth and pulse on time in sequence are contributing in the process 
to SR. 
It has been observed that surface roughness increases as peak current 
increases. Increased discharge energy available at higher peak current 
increases both the MRR and EWR and produces larger craters on the work 
piece surface, thus increasing the surface roughness. 
Generally, it has been seen that SR reduces with decrease in pulse on time 
and peak current while machining with stationary electrode [110].  Whereas 
while machining with rotary electrode, SR decreased with increase in pulse on 
time, decrease in peak current. Because of increase in pulse on time, 
expansion of plasma channel takes place within the gap between electrode 
and work piece. This results in decreased current density and shallow craters 
get created on work piece surface, leading to reduction in surface roughness. 
Improvement of surface roughness may also be possible due to reduction in 
recast layer thickness during machining. Efficient flushing through the gap 
leads to washing of recast layer. The temperature distribution is more uniform 
during rotary electrical discharge machining than with the stationary electrode. 
A better surface roughness is obtained due to enhancement of heat transfer 
by convection when dielectric is carried through the gap [113-114]. 
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From the ANOVA table it has been seen that out of three materials for H11 
and Brass none of the factor are significant to SR where as for EN31 diameter 
is significant factor. 
From table 4.4 we have seen that for Brass, H11 and EN31 specific heat is 
0.38 J/g 0C, 0.46 J/g 0C and 0.475 J/g 0C respectively. These matches with 
average values of SR for conducted 16 experiments i.e. 3.5μ, 3.73μ and 
4.09μ for Brass H11 and EN31. That means as specific heat increases SR 
increases (finishing deteriorates). Even flushing pressure would be important 
parameter for SR. The particles removed would not be able to recast to the 
surface again for higher flushing pressure. 
7.4 ANALYSIS FOR EWR 
Fig. 7.5 shows comparative analysis of EWR for all materials. It can be seen 
from the graph that in comparison EWR is highest for H11 since 8 points are 
highest in comparison to EN31 and Brass. Then EWR is higher for EN31 
since 12 points are higher in comparison to Brass. However lower EWR is 
desirable Brass is advantages material. 
Table 7.3 % contribution of input factors on EWR 
H11 Brass EN31 
I 30.27318 10.55082 40.37992 
Ton 11.64353 5.609475 1.836565 
D 40.05905 64.13988 46.03595 
Dt 10.9071 13.81103 8.399325 
 
Fig. 7.5 Comparative analysis of EWR for all materials 
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Fig. 7.6 % contribution of input factors on EWR for all materials 
Table 7.5 and Fig. 7.6 show the % contribution of current, pulse on time, 
diameter and depth for all three materials on EWR. From the graph it can be 
seen that diameter for all three materials contributing to SR at highest level 
then current, depth and pulse on time in sequence are contributing in the 
process to EWR. 
EWR is an important function for optimising the machining performance. 
Electrode wear takes place during machining as electrical discharges 
removes material from both electrode and workpiece. It can be stated that 
lesser EWR implies less electrode wear, i.e. better machining performance. 
One of the main cause of less electrode wear is deposition of black carbon 
layer on the electrode surface which migrates from the dielectric to the 
rotating Brass electrode, lead to reduction in electrode wear.  Optimisation of 
the process for low EWR while improving the MRR, cannot be achieved with 
the single setting [113]. This same phenomenon has also been observed 
while machining with rotating brass electrode. 
It has been observed that EWR increases with increase of peak current at all 
settings of pulse on time. Higher current density available at the working gap, 
at higher peak current conditions, generates large amount of heat. This 
rapidly overheats the rotating electrode and increases electrode wear rate 
along with MRR, thereby increasing electrode wear ratio. 
At higher pulse on time, heat generation at the sparking zone is higher, which 
results in expansion of plasma channel. This expansion of plasma channel 
results in growth of heat source radius at electrode surface, thus leading to 
reduced electrode wear. Since Brass has higher thermal conductivity as 
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compared to tool steel, it rapidly releases heat generated during machining. 
This in turn decreases EWR at higher pulse on time values. This same 
phenomenon has been observed during machining with stationary electrode 
[110]. 
From the ANOVA table it has been seen that out of three materials for H11 
and EN31 current and diameter are significant to EWR where as for Brass1 
diameter is significant factor. 
From table 4.4 we have seen that for Brass, EN31 and H11 melting point is 
1025 ˚C, 1200˚C and 1425˚C respectively. These matches with average 
values of EWR for conducted 16 experiments i.e. 65.29%, 62.63% and 
60.11% for Brass EN31 and H11. That means lower EWR for higher melting 
point. Even electrical resistance would be important factor for EWR. More 
electrodes would be worn out for higher electric resistant material. 
7.5 ANALYSIS FOR DEFLECTION 
It is well known fact that geometric output can not only be co-related to these 
studied input parameters. But through the study carried out specifically 
parametric some observations can be made. These observations are only 
relates the respective material outputs only and not values. 
Fig. 7.7 shows comparative analysis of deflection for all materials. It can be 
seen from the graph that in comparison deflection is highest for brass in 
comparison to H11 and EN31. Then deflection is higher for H11 in 
comparison to EN31.  
Table 7.4 % contribution of inp ut factors on deflection 
H11 Brass EN31 
I 27.23622 15.87667 47.42322 
Ton 15.08268 6.107465 7.387463 
D 20.41732 13.92179 16.14851 
Dt 23.05906 57.43095 18.60749 
 We have already discussed in chapter 6 that deflection is one of the 
dimensional characteristics and hence factors affecting must not be 
calculated. However for getting just the idea from the experimentation work 
Table 7.4 and fig. 7.8 shows the % contribution of current, pulse on time, 
diameter and depth for all three materials on deflection. Deflection is not only 
depending upon these four factors but also on other physical conditions of the 
machine as mentioned in chapter 6 like trueness of the slide, holding of the 
workpiece, electrode guide runout, electrode spindle runout etc. 
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Fig. 7.7 Comparative analysis of deflection for all materials 
Fig. 7.8 % contribution of input factors on deflection for all materials 
From the graphs for comparative analysis of various materials(for deflection 
and SR) and doing comparative analysis in between the graph sequence of 
materials for higher deflection and less finishing both are Brass, H11 and 
EN31. We can conclude that the material in which lesser deflection is achieve, 
SR is higher(finishing deteriorates). In other way material for which deflection 
is less SR in overall way would be higher. 
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 7.6 ANALYSIS FOR CIRCULARITY 
Table 7.5 % contribution of input factors on circularity 
H11 Brass EN31 
I 14.2125 29.15 17.93946 
Ton 19.7125 21.04286 10.08149 
D 40.525 4.545833 26.93248 
Dt 7.525 30.09345 3.504075 
Fig. 7.9 shows comparative analysis of circularity for all materials. It can be 
seen from the graph that in comparison circularity is highest for brass in 
comparison to EN31and H11. Then circularity is higher for EN31 in 
comparison to H11.  
We have already discussed in chapter 6 that circularity is one of the 
dimensional characteristics and hence factors affecting must not be 
calculated. However for getting just the idea from the experimentation work 
Table 7.5 and fig. 7.10 shows the % contribution of current, pulse on time, 
diameter and depth for all three materials on circularity. Circularity is not only 
depending upon these four factors but also on other physical conditions of the 
machine as mentioned in chapter 6 like the holding of the workpiece, 
electrode guide runout, electrode spindle runout, flushing pressure uniformity, 
centrifugal force genration in electrode etc. 
Fig. 7.9 Comparative analysis of circularity for all materials 
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Fig. 7.10 % contribution of input factors on circularity for all materials 
From the graphs for comparative analysis of various materials(for circularity 
and MRR) and doing comparative analysis in between the graph sequence of 
materials for higher circularity and higher MRR both are Brass, EN31 and 
H11. We can conclude that if we want to achieve less circularity MRR would 
be lesser. We also can conclude this vice versa i.e. to achieve higher MRR 
circularity of the hole would be higher. 
7.7 ANALYSIS FOR CYLINDRICITY 
Fig. 7.11 shows comparative analysis of cylindricity for all materials. It can be 
seen from the graph that in comparison cylindricity is highest for brass in 
comparison to EN31and H11. Then cylindricity is higher for EN31 in 
comparison to H11. 
Table 7.6 % contribution of input factors on cylindricity 
H11 Brass EN31 
I 22.89189 11.19412 14.84868 
Ton 14.51351 14.09412 36.16447 
D 16.39865 22.33529 14.61842 
Dt 17.08108 25.65294 17.11842 
We have already discussed in chapter 6 that cylindricity is one of the 
dimensional characteristics and hence factors affecting must not be 
calculated. However for getting just the idea from the experimentation work 
Table 7.6 and fig. 7.12 shows the % contribution of current, pulse on time, 
diameter and depth for all three materials on cylindricity. 
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Fig. 7.11 Comparative analysis of cylindricity for all materials 
physical conditions of the machine as mentioned in chapter 6 like the holding 
of the workpiece, electrode guide runout, electrode spindle runout, flushing 
pressure uniformity, centrifugal force genration in electrode etc. 
Fig. 7.12 % contribution of input factors on cylindricity for all materials 
From the graphs for comparative analysis of various materials(for cylindricity 
and MRR) and doing comparative analysis in between the graph sequence of 
materials for higher cylindricity and higher MRR both are Brass, EN31 and 
H11. We can conclude that if we want to achieve less cylindricity MRR would 
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be lesser. We also can conclude this vice versa i.e. to achieve higher MRR 
cylindricity of the hole would be higher. 
7.8 ANALYSIS FOR TAPER 
Fig. 7.9 shows comparative analysis of taper for all materials. It can be seen 
from the graph that in comparison taper is highest for brass in comparison to 
EN31and H11. Then taper is higher for EN31 in comparison to H11.  
Table 7.7 % contribution of input factors on taper 
H11 Brass EN31 
I 17.45368 43.35834 22.08232 
Ton 20.83952 6.265595 27.44949 
D 22.11789 0.904156 21.53384 
Dt 23.05906 30.24853 20.83182 
We have already discussed in chapter 6 that taper is one of the dimensional 
characteristics and hence factors affecting must not be calculated. However 
for getting just the idea from the experimentation work Table 7.7 and fig. 7.14 
shows the % contribution of current, pulse on time, diameter and depth for all 
three materials on taper. Taper is not only depending upon these four factors 
but also on other physical conditions of the machine as mentioned in chapter 
6 like the holding of the workpiece, electrode guide runout, electrode spindle 
runout, flushing pressure uniformity, centrifugal force genration in electrode 
etc. 
Fig. 7.13 Comparative analysis of taper for all materials 
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From the graphs for comparative analysis of various materials(for taper and 
EWR) and doing comparative analysis in between the graph sequence of 
materials for higher taper and lower EWR both are Brass, EN31 and H11. 
Fig. 7.14 % contribution of input factors on taper for all materials 
We can conclude that if we want to achieve less taper EWR would be higher. 
We also can conclude this vice versa i.e. to achieve lesser EWR taper of the 
hole would be higher. Since genteration of the taper also depend upon the 
shape of electrode. After some time of machining shape of the electrode  
becomes taper here taper is correlated with EWR and not with MRR though 
data also matches with MRR. Conclusion can be made with MRR and EWR 
both, but higher effects would be of EWR. 
7.9 ANALYSIS FOR HARDNESS 
Fig. 7.15 shows comparative analysis of increase in hardness for all materials. 
It can be seen from the graph that in comparison increase in hardness is 
lowest for brass for most of the points in comparison to H11 and EN31. Then 
increase in hardness is lower for EN31 in comparison to H11. 
Table 7.8 % contribution of input factors on hardness 
H11 Brass EN31 
I 10.25346 32.8496 40.46304 
Ton 13.24885 6.441793 12.54275 
D 46.31336 11.57664 5.3407 
Dt 25 14.87762 12.77295 
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Fig. 7.15 Comparative analysis of hardness for all materials 
Fig. 7.16 % contribution of input factors on hardness for all materials 
Analysis for increase in hardness is done for knowledge purpose only. Since 
increase in hardness after the process materials can be post process to make 
uniform hardness. For getting just the idea from the experimentation work 
Table 7.8 and fig. 7.16 shows the % contribution of current, pulse on time, 
diameter and depth for all three materials on increase in hardness.  
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From the graphs for comparative analysis of various materials(for hardness 
and MRR) and doing comparative analysis in between the graph sequence of 
materials for lower increase in hardness and higher MRR both are Brass, 
EN31 and H11. We can conclude that if less less increase in hardness occurs 
MRR would be higher. We also can conclude this vice versa i.e. to achieve 
higher MRR increase in hardness of the hole would be higher. 
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CHAPTER 8 
CONCLUSIONS AND RECOMMENDATIONS 
 
8.1 CONCLUSIONS 
In this investigation, modelling of some of the most important technological 
parameters is proposed for rotary electrical discharge machining process. 
Taguchi method is used to determine the main influencing factors affecting 
the selected technological variables such as MRR, SR and EWR as well 
dimensional characteristics such as deflection, circularity, cylindricity and 
taper along with increase in hardness. These outputs have been studied as a 
function of design factors such as peak current, pulse on time, diameter and 
depth. The other factors like pulse off time, duty factor, electrode rotation, 
flushing pressure of water, voltage etc. remained constant throughout the 
experiments. 1st order empirical models were developed for prediction of 
various output process parameters during rotary electrical discharge 
machining, using non-linear regression with logarithmic data transformation. 
The proposed models have been successfully applied to estimate the values 
of MRR, SR, EWR and I.H. under various machining conditions. 
Through this investigation of rotary electrical discharge machining of tool steel 
H11 with the brass electrode, the following conclusions are summarised: 
• Through the Taguchi analysis for MRR it has been observed that 
current affects the MRR at the highest level and in order diameter, 
pulse on time and depth respectively are affecting the MRR.  Even it 
has been seen, through the main effects plots of SN ratio, to achieve 
highest MRR within the experimental data range optimized conditions 
are 25amp current, 10μs pulse on time, 3mm diameter and 10mm 
depth.  Further based on the results of ANOVA analysis it has been 
seen that current and diameter are significant factors affecting MRR. 
• Through the Taguchi analysis for SR it has been observed that current 
affects the SR at the highest level and in order depth, pulse on time 
and diameter respectively are affecting the SR.  Even it has been seen, 
through the main effects plots of SN ratio, to achieve the best SR within 
the experimental data range optimized conditions are 25amp current, 
9μs pulse on time, 1.5mm diameter and 15mm depth.  Further based 
on the results of ANOVA analysis it has been seen that none of these 
input factors are significantly affecting the SR. 
• Through the Taguchi analysis for EWR it has been observed that 
diameter affects the EWR at the highest level and in order current, 
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depth and pulse on time respectively are affecting the EWR.  Even it 
has been seen, through the main effects plots of SN ratio, to achieve 
the lowest EWR within the experimental data range optimized 
conditions are 15amp current, 8μs pulse on time, 1.5mm diameter and 
10mm thickness.  Further based on the results of ANOVA analysis it 
has been seen that current and diameter are significant factors 
affecting EWR. 
Through this investigation of rotary electrical discharge machining of brass 
material with the brass electrode, the following conclusions are summarised: 
• Through the Taguchi analysis for MRR it has been observed that 
current affects the MRR at the highest level and in order diameter, 
depth and pulse on time respectively are affecting the MRR.  Even it 
has been seen, through the main effects plots of SN ratio, to achieve 
highest MRR within the experimental data range optimized conditions 
are 25amp current, 10μs pulse on time, 1.5mm diameter and 10mm 
depth.  Further based on the results of ANOVA analysis it has been 
seen that current, diameter and depth are significant factors affecting 
MRR. 
• Through the Taguchi analysis for SR it has been observed that current 
affects the SR at the highest level and in order diameter, depth and 
pulse on time respectively are affecting the SR.  Even it has been 
seen, through the main effects plots of SN ratio, to achieve the best SR 
within the experimental data range optimized conditions are 25amp 
current, 10μs pulse on time, 2mm diameter and 25mm depth.  Further 
based on the results of ANOVA analysis it has been seen that none of 
these input factors are significantly affecting the SR. 
• Through the Taguchi analysis for EWR it has been observed that 
diameter affects the EWR at the highest level and in order current, 
depth and pulse on time respectively are affecting the EWR.  Even it 
has been seen, through the main effects plots of SN ratio, to achieve 
the lowest EWR within the experimental data range optimized 
conditions are 20amp current, 10μs pulse on time, 1.5mm diameter 
and 25mm thickness.  Further based on the results of ANOVA analysis 
it has been seen that diameter is significant factor affecting EWR. 
Through this investigation of rotary electrical discharge machining of EN31 
with the brass electrode, the following conclusions are summarised: 
• Through the Taguchi analysis for MRR it has been observed that 
current affects the MRR at the highest level and in order depth, 
diameter and pulse on time respectively are affecting the MRR.  Even it 
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has been seen, through the main effects plots of SN ratio, to achieve 
highest MRR within the experimental data range optimized conditions 
are 25amp current, 10μs pulse on time, 1.5mm diameter and 25mm 
depth.  Further based on the results of ANOVA analysis it has been 
seen that current is significant factor affecting MRR. 
• Through the Taguchi analysis for SR it has been observed that 
diameter affects the SR at the highest level and in order depth, pulse 
on time and current respectively are affecting the SR.  Even it has been 
seen, through the main effects plots of SN ratio, to achieve the best SR 
within the experimental data range optimized conditions are 25amp 
current, 10μs pulse on time, 2.5mm diameter and 20mm depth.  
Further based on the results of ANOVA analysis it has been seen that 
diameter is significant factor affecting the SR. 
• Through the Taguchi analysis for EWR it has been observed that 
current affects the EWR at the highest level and in order diameter, 
depth and pulse on time respectively are affecting the EWR.  Even it 
has been seen, through the main effects plots of SN ratio, to achieve 
the lowest EWR within the experimental data range optimized 
conditions are 25amp current, 7μs pulse on time, 1.5mm diameter and 
20mm thickness.  Further based on the results of ANOVA analysis it 
has been seen that current and diameter are significant factors 
affecting EWR. 
There are some other common conclusions drawn like: 
• Through the Taguchi analysis for deflection, circularity, cylindricity, 
taper and increase in hardness optimum conditions of parameters can 
be found out as table 8.1. 
• Optimisation of the rotary electrical discharge machining process is 
concerned with maximizing the MRR while minimizing EWR, producing 
the optimum surface roughness for the best dimensional 
characteristics. But, these cannot be achieved simultaneously with a 
particular combination of control parameters settings. 
• The developed empirical formulae can be used to evaluate MRR, SR, 
EWR and I.H., produced by rotary electrical discharge machining, with 
low prediction error. The empirical formulae in general used as follows: 
Y = A. (I) a. (Ton) b. (D) c. (Dt) d     (8.1) 
The values of constants and exponents for various responses are given in 
Table 8.2. 
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Table 8.1 Optimised condition for various responses of different material 
Sr. 
No. 
Workpiece 
Material Responses 
Input Parameters 
I Ton D Dt 
1 H11 
Deflection 15 8 2.5 10 
Circularity 25 7 1.5 15 
Cylindricity 25 9 3 25 
Taper 20 10 1.5 10 
Increase in Hardness 20 9 1.5 20 
2 Brass 
Deflection 25 8 2 25 
Circularity 15 9 3 15 
Cylindricity 25 7 3 25 
Taper 25 7 1.5 10 
Increase in Hardness 15 8 3 20 
3 EN31 
Deflection 25 10 2 25 
Circularity 15 9 3 20 
Cylindricity 25 8 3 25 
Taper 25 7 1.5 10 
Increase in Hardness 10 10 2.5 25 
 
• The proposed empirical models are validated and are fit for predictions 
of machining outputs such as MRR, SR, EWR and I.H. with low 
prediction error. 
• For Brass, EN31 and H11 the average values of MRR are 20.26 
mm3/min, 15.1 mm3/min and 10.1 mm3/min respectively as well thermal 
conductivity is 159 W/mK, 46.6W/mK and 24.6W/mK respectively. That 
means as thermal conductivity increases higher MRR can be achieved. 
MRR is higher for higher thermal conductive materials. In other way for 
the same machining parameters MRR is higher for higher thermal 
conductive material.  
• For Brass, H11 and EN31 the average values of SR are .5μ, 3.73μ and 
4.09μ respectively as well specific heat is 0.38 J/g 0C, 0.46 J/g 0C and 
0.475 J/g 0C respectively. That means as specific heat decreases 
better SR can be achieved. SR is higher (finishing deteriorates) for the 
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material with higher specific heat. In other way for the same machining 
parameters SR is higher for material with higher specific heat. 
Table 8.2 Values of constants and exponents for various responses 
Sr. 
No. Material Response (Y) 
Constant 
(A) 
Exponents 
a b c d 
1 H11 
MRR 0.048 1.51 0.27 1.88 -0.42
SR 0.1549 0.49 0.55 -0.15 0.25 
EWR 283.79 0.43 -0.59 -0.67 -0.36
Increase in Hardness 28.707 -0.05 0.41 -0.41 -0.04
2 Brass 
MRR 0.2936 1.63 0.45 -0.92 -0.27
SR 0.385 0.48 0.07 0.33 0.18 
EWR 10.233 0.31 0.41 -1.24 0.35 
Increase in Hardness 169.82 -0.24 -0.35 0.15 -0.2 
3 EN31 
MRR 0.0137 1.98 0.41 -0.11 0.15 
SR 4.487 0.02 -0.71 0.43 0.21 
EWR 10.233 0.95 -0.19 -1.11 0.24 
Increase in Hardness 39.446 -0.17 -0.17 -0.11 0.24 
 
• For Brass, EN31 and H11 the average values of EWR are 65.29%, 
62.63% and 60.11% respectively as well melting point is 1025 ˚C, 
1200˚C and 1425˚C respectively. That means as melting point 
increases lower EWR can be achieved. EWR is lower for the material 
with higher melting point. In other way for the same machining 
parameters EWR is lower for material with higher melting point. 
It is well known fact that geometric output can not only be co-related to 
these studied input parameters. But through the study carried out 
specifically parametric some observations can be made. These 
observations are only relates the respective material outputs only and not 
values. 
• The material in which lesser deflection is achieve, SR is 
higher(finishing deteriorates). In other way material for which deflection 
is less SR in overall way would be higher. The minimum value of 
deflection achieved is 0.0057mm in H11 material. 
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• The material for the better values of circularity and cylindricity MRR 
would be lesser. We also can conclude this vice versa i.e. material in 
which higher MRR achieved circularity and cylindricity of the hole 
would be higher. The highest MRR among all values of all material is 
37.76 mm3/min achieved in Brasss material. The minimum circularity 
and cylindricity is 0.002mm and 0.006mm respectively achieved in H11 
material. 
• The material for lesser values of taper EWR would be higher. We also 
can conclude this vice versa i.e. material in which lesser EWR is 
achieved taper of the hole would be higher. Even for lesser taper MRR 
would be lesser. We also can conclude this vice versa i.e. to achieve 
higher MRR taper of the hole would be higher.  The minimum EWR 
among all values of all material is 24% achieved in H11 material. The 
minimum taper is 0.009˚ achieved in H11 material. 
• If Lesser increase in hardness occurs MRR would be higher for 
particular material. We also can conclude this vice versa i.e. material in 
which higher MRR achieved increase in hardness of the hole would be 
higher. Least increase in hardness observed is 15HRC in EN31 & 
Brass both. 
8.2 RECOMMENDATINS FOR FUTURE WORK 
The above results could find their application in the industry. After completing 
this research work, it is felt that the parametric study of EDM drilling opens a 
vast number of avenues for further exploration. Future work may be in the 
direction of: 
• Three important materials were chosen for this experimental work. 
Other die and tool steel materials such as Tungsten hot work die steels 
(H2x-series), Molybdenum high speed tool steels (M-series), 
conductive carbon-carbon composites, Shock resisting steels etc. can 
be tried for the parametric study. 
• Some other organic liquids (such as ethylene glycol) or deionized water 
(already used in wire-EDM) may be tried as dielectric medium. In such 
a medium, graphite electrode can be used as a source for providing 
carbon. 
• One of the most relevant extensions would be conducting further 
experimental investigations to identify the practical constraints (such as 
flushing efficiency) as a function of the input parameters in order to 
improve the empirical process models and the process optimization. 
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• In this work, the process parameters have been optimised using 
Taguchi orthogonal array design, which reduces the number of 
experiments to a greater extent as compared to conventional 
parametric design. It is suggested that a comparison between the 
results obtained from Taguchi orthogonal array design with 
conventional parametric design be carried out to establish a correlation 
among them. The design of experiment can be further optimised with 
well described objectives, pin-pointing the predominant performance 
parameters with their significance statistically defined. 
• Some parameters like polarity were kept constant, these can also be 
varied and their effect studied. For this particular experimental set-up, 
Workpiece is kept positive, whereas tool act as cathode (negative) i.e. 
straight polarity has been used. 
• It can be appreciated that the main problem faced in improving the 
aspect ratio as well as reducing the diameter oversize is the secondary 
sparking which most of the times cannot be controlled. Some 
measures are necessary for efficient working and ultimately improve 
the aspect ratio and reduce the oversize. The waveform can be studied 
using cathode ray oscilloscope (CRO) to sense and control the 
secondary sparking. 
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ANNEXURE A  
CHEMICAL COMPOSITIONS OF WORK MATERIALS 
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ANNEXURE B 
CHEMICAL COMPOSITIONS OF ELECTRODE MATERIAL 
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ANNEXURE D 
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ANNEXURE E 
DIMENSION REPORT OF BRASS MATERIAL 
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